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I 

INTRODUCTION 

In 1962 Dahl and co-workers reported the synthesis and structure of an 
iron cluster with a unique structural feature. Fe 5 C(CO)| 5 , the new molecule, 
contained, in addition to its carbonyl ligands, a single carbon atom bound 
only to the five iron atoms in the molecule. This, the first carbidocarbonyl 
cluster, remained the only example of its type for several years, until the 
isolation, by Lewis and co-workers, of Ru 6 C(CO) 17 and its derivatives. Then 
in the mid-1970s, the late Paolo Chini and co-workers began reporting their 
successes in the synthesis and structural characterization of a number of 
cobalt and rhodium carbidocarbonyl clusters, and a similar acceleration 
occurred in the rate of growth of the analogous chemistry of iron, ruthen¬ 
ium, and osmium. As the array of carbidocarbonyl clusters grew, so their 
significance as a class became more obvious. What were once regarded as 
structural oddities began to assume a more central role in cluster chemistry 
and at a time when the ostensible similarities between metal cluster com¬ 
pounds and metallic crystallites were being explored in terms of both 
structure, reactivity, and catalytic potential. This “cluster-surface analogy” 
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has proved to be a driving force in cluster chemistry, and although the goal 
of homogeneous cluster catalysis analogous to highly active and versatile 
heterogeneous catalysis by metal surfaces has proved to be an elusive one, 
the structural similarities between cluster molecules and metallic particles 
continue to be developed as new and larger clusters are synthesized. This 
instructive relationship is also manifested in the structural chemistry of 
carbidocarbonyl clusters when compared with transition metal carbides. 

An additional significance for carbidocarbonyl clusters has appeared 
more recently with the discovery of the fascinating reactivity of carbon 
atoms in clusters when they are exposed to reactive molecules in low 
nuclearity carbidocarbonyl clusters. These observations followed on the 
heels of the recognition of the crucial role played by surface bound carbon 
atoms in metal-catalyzed carbon monoxide hydrogenation, and so a new 
area of overlap between cluster chemistry and surface chemistry has arisen. 
Moreover, in this case the comparisons between organometallic and surface 
chemistry may lie in reactivity and not merely structural similarities. 

The rapid expansion in carbidocarbonyl cluster chemistry has enabled the 
chemistry of these compounds to be addressed in its own right rather than as 
a subgroup of cluster chemistry as a whole. A recent survey of this area by 
Muetterties has appeared (/), covering the literature up to the end of 1979, 
and in it some of the aspects of carbide clusters referred to in this introduc¬ 
tion are described. However, the rate of growth of the field in the past three 
years in both the synthesis and reactivity of these molecules makes a second 
review appropriate. I have incorporated results reported up to mid-1982, 
and although the earlier work is included with the hope of providing a 
comprehensive survey, emphasis is given to the most recent observations. 

The metals that so far have been reported to form carbidocarbonyl 
clusters are iron, ruthenium, osmium, cobalt, rhodium, and most recently 
rhenium. The iron clusters will be dealt with separately since they provide 
some unique chemistry involving the reactivity of the carbido carbon atom. 
Ruthenium and osmium are covered together in a second section, cobalt 
and rhodium in a third, and rhenium in a fourth. Where X-ray structural 
data are available a perspective drawing of the molecule is given. For some 
of the smaller clusters, this may seem redundant, but the structural units 
established for these compounds are observed in more complicated frame¬ 
works in the larger molecules. I have not attempted to describe the minutiae 
of carbonyl coordination geometry in these clusters unless such considera¬ 
tions affect some other aspect of the molecular structure. Spectroscopic data 
for carbide clusters are being reported more frequently than when this area 
was previously reviewed, and a section is devoted to these observations. 
Finally, some general observations are made on the chemistry of these 
molecules, based on the previous sections. 
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II 

CARBIDOCARBONYL CLUSTERS OF IRON 

The first carbidocarbonyl transition metal cluster to be recognized was 
Fe 5 C(CO), 5 (1), which was isolated in very low yield from the reaction of 
triiron dodecacarbonyl with methylphenylacetylene and characterized by 
X-ray diffraction by Dahl and co-workers (2). The molecule (Fig. 1) com¬ 
prises a square pyramidal Fe s core with the carbide situated .08 A below the 
center of a square face. Each iron atom bears three terminal carbonyls. 
Improved syntheses of 1 by protonation (J) or oxidation of [Fe 6 C(CO), 6 ] 2- 

(4) (see below) have been reported. 

The reactions of 1 with phosphines and phosphites proceed smoothly at 
room temperature yielding products with varying degrees of substitution, 
Fe 5 C(CO) 15 _„(L)„, n = 1-3, depending on the phosphorus donor ligand L 

(5) . No structural data are available for the substituted clusters. 

All attempts to protonate the partially exposed carbon atom in 1 have 
been unsuccessful ( 1 , 3). Reaction with base yields [Fe s C(CO) 14 ] 2_ (2), 
which was isolated as its tetraethylammonium salt (5). The dianion may also 
be synthesized by the reaction of Fe 5 C(CO), 5 and [Fe(CO) 4 ] 2_ , and although 
its structure is as yet undetermined, it presumably retains a square pyrami¬ 
dal core ( 4 ). 

Muetterties has reported the reaction of 2 with a number of mono- or di- 



Fig. 1. FejC(CO),j, 1 (2). As will be the case for all perspective drawings in this survey, 
metal atoms are represented by larger filled circles, the carbide carbon atom as a small filled 
circle, and carbonyls as small open circles, with metal-metal bonds as heavy lines to 
emphasize the core geometry. Mean Fe-Fe distances: apical-basal = 2.63 A, intrabasal = 

2.66 A. Fe, pic ^-C c , (bide = 1.96 A, mean Fe._ ,-C~«h. = 1.89 A. The carbide carbon lies 

0.08 A below the basal plane. 
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nuclear transition metal complexes to yield octahedral [MFe 5 C (CO)*!^]* - 
clusters [Eq. (1)] (4). 


Fej(CO), 

Cr(CO)j(pyridine)j 

Mo(CO)j(THF) 3 

W(CO) 3 (MeCN)j 

Rh 2 (CO) 4 CI 2 

[Fe 5 C(CO) l4 ] 2_ + Rh 2 (COD) 2 CI 2 
Ir 2 (COD) 2 Cl 2 
Ni(COD) 2 
Ni(COD) 2 , CO 
Pd 2 (CjH 5 ) 2 Cl 2 
Cu(MeCN) 4 BF 4 


- [Fe 6 C(CO) 16 ] 2_ 

- lCrFe 5 C(CO) 17 ] 2 - 

- [MoFe 5 C(CO)„] 2 - 

- [WFe 5 C(CO), 7 ] 2 - 

- [RhFe,C(CO) 16 ]- 

- [RhFe 5 C(CO) 14 (COD)]- (1) 

- [IrFe 5 C(CO) 14 (COD)]- 

- [NiFe 5 C(CO) 13 (COD)] 2 - 

- [NiFe 5 C(CO), 5 ] 2 - 

- [PdFe s C(CO) 14 (C 3 H 5 )]- 

- [CuFe s C(CO)| 4 ( MeCN)] - 


With Fe 2 (CO) 9 the reaction yields the previously known dianion 
[Fe 6 C(CO) 16 ] 2_ , 3, which was originally synthesized by the reaction of 
Fe(CO)j with a variety of metal carbonyl anions [e.g., Mn(CO)j] in high 
boiling solvents (6). The structure of the tetramethylammonium salt of 3 is 
shown in Fig. 2 (7). The dianion contains an essentially octahedral core of 
iron atoms encapsulating the carbido carbon atom, and of the sixteen 
carbonyl ligands twelve are terminal and four asymmetrically bridging (one 
being highly disordered). The central carbon is not equidistant from the six 
iron atoms, and the six Fe-Ccrf,^ distances range from 1.82 to 1.97 A. 
[MoFejC(CO) 17 ] 2_ , one of the bimetallic carbidocarbonyl anions derived 
from 2, has been structurally characterized as its tetraethylammonium salt 
(4). The cluster is essentially octahedral, but the carbide carbon atom is 



Fig. 2. Fe 6 C(CO)jj, 3, as in its(CH 3 ) 4 N + salt (7). Unbridged Fe-Fe bonds average 2.69 A; 
bridged bonds average 2.61 A. Fe - varies from 1.82 to 1.97 A. Broken line indicates 
long contact to disordered terminal carbonyl which tends toward bridging position. 
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Fig. 3. MoFe 5 C(CO)?7, as in its (C 2 Hj) 4 N+ salt ( 4 ). The molybdenum atom is denoted by 
open circle in the octahedral M 4 C core. The carbide carbon is displaced by 0.10 A from the four 
coplanar equatorial iron atoms toward the apical molybdenum atom. Mean Fe^-Fe^ = 
2.67 A; mean Fe^-Fe*, = 2.64 A; mean Mo-Fe^, = 2.92 A. Mean Fe^-C^^ = 1.89 A; 
Fe, I -C c , rhi(lc = 1.95 A; Mo-C Mrbide = 2.12 A. 

displaced by 0.10 A from the center of the equational Fe 4 plane toward the 
molybdenum atom (Fig. 3). Of the seventeen carbonyl ligands two are 
asymmetrically bridging (one to molybdenum) and fifteen terminal. 

Three of these octahedral bimetallic MFe } C anions undergo partial frag¬ 
mentation on oxidation with ferric ion, as does [Fe 6 C(CO)] 6 ] 2- , losing one 
iron vertex and yielding MFe 4 C(CO)„ products [Eq. (2)] ( 4 ). 

[Fe 6 C(CO) l4 ] J_ Fe s C(CO) 1} 

[CrFe 5 C(CO), 7 ] 2- Fe » CrFe 4 C(CO) 14 

[MoFejCfCO),,] 2 -’ MoFe 4 C(CO), 6 (2) 

[RhFe 5 C(CO)| 4 ]“ [RhFe 4 C(CO), 4 l- 

All three of the MFe 4 C(CO)„ clusters have l3 C NMR properties charac¬ 
teristics of a square pyramidal geometry (as found for Fe 5 C(CO) 15 ) with 
facile CO exchange both localized on each M(CO)„ vertex and between the 
basal metal atoms, but not between apical and basal sets. The crystal 
structure of [RhFe 4 C(CO), 4 ]~ was determined, and confirmed the square 
pyramidal geometry of the cluster (Fig. 4), the rhodium atom being located 
in the basal plane. It is noteworthy that the carbido carbon protrudes 0.19 A 
from the RhFe 3 plane, substantially further than the analogous distance of 
0.08 A in Fe 5 C(CO) 15 . 

Iron is so far unique in that it alone forms carbidocarbonyl clusters 
containing only four metal atoms, and the discovery of this class of com¬ 
pounds and the reactivity of its members has provided one of the most 
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Fig. 4. RhFe 4 C(CO)7 4 ,asin its(C 2 H 5 ) 4 N + salt(4). Rhodium atom denoted as an open circle 
in the base of square pyramidal core. The salt contains two enantiomeric forms of the anion, 
producing a disordered structure in which iron and rhodium equally occupy each end of the 
carbonyl bridged edge of the basal plane(Rh-Fe = 2.779 A). Fe-M bonds to disordered metal 
atoms (Rh/Fe) average 2.63 A, and remaining Fe-Fe bonds average 2.62 A. Metal-carbide 

distances are Fe. r „, -C = 1.98 A, Fe ,_, -C - 1.87 A, Rh/Fe-C = 1.94 A. The carbide lies 

0.19 A below the RhFe 3 plane. 


intriguing developments in cluster chemistry over the last few years. It was 
reported in 1979 that the cluster bound carbon atom, which was apparently 
inert in Fe 5 C and Fe 6 C clusters, could display novel chemistry if exposed by 
removal of some of its surrounding metal atoms, reducing the coordination 
number of the carbon atom to four in an open butterfly geometry. The first 
observation (5) of the reactivity of a carbide carbon atom in this environ¬ 
ment resulted from the partial fragmentation of the octahedral carbide 
cluster [Fe 6 C(CO) l6 ] 2_ , 3. When treated with tropylium bromide, a mild one 
electron oxidizing agent, in methanol, 3 loses two iron vertices (as ferrous 
ion), exposing the central carbon atom, which reacts with CO and methanol 
yielding the /T'-carbomethoxymethylidyne cluster, 4 [Eq. (3)]. 

[Fe 6 C(CO) 16 ] 2 ~ [Fe 4 (C0) I2 C C0 2 CH 3 ]- + 2Fe 2+ + 3CO (3) 

(3) (4) 

The structure of 4 (Fig. 5) comprises an open butterfly arrangement of 
four iron atoms, each bearing three terminal carbonyls (S). The hitherto 
encapsulated carbon atom is equidistant (1.99 ± 0.03 A) from the metal 
atoms and is now bonded to the carbomethoxy group. The reaction may be 
visualized as in Scheme 1. The exposed carbon atom undergoes carbon- 
carbon bond formation with carbon monoxide to give a ketenylidene group, 
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Scheme 1 


which reacts with methanol to form the carbomethoxy derivative. Although 
no direct evidence was presented for the intermediacy of the ketenylidene, it 
is supported by the similar reaction of [Co 3 (CO) 9 CCO] + with alcohols 
yielding the carbomethoxy derivative Co 3 (CO) 9 CC0 2 R (9) (see also Section 
VII,C). 



Fig. 5. Fe 4 (CO), 2 C (C0 2 CHj)-, 4, as in its (C 2 H 5 ) 4 N + salt (S). A butterfly core of four iron 
atoms bears twelve terminal carbonyls, three on each iron. Fe(l)-Fe(4) [2.590(1) A] is 
significantly longer than the other Fe-Fe bonds [2.503(9) A mean]. The methylidyne carbon is 
2.027(9) A from Fe(2), 2.012(9) A from Fe(3), 1.957(9) A from Fe(l), and 1.952(9) A from 
Fe(4). Fe(l), Fe(4), and the carbomethoxy group are coplanar. The dihedral angle between 
Fe(l)(3)(4) and Fe(l)(2)(4) is 130°; Fe(2)CFe(3) = 148°. 
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The carbomethoxymethylidyne group in 4 may be hydrogenated to 
methyl acetate, providing a unique cluster based synthesis of an organic 
molecule essentially from carbon monoxide and hydrogen. 

The reactivity of the carbon atom when bound to an open Fe 4 cluster has 
an obvious relevance to the chemistry of surface bound carbon atoms in 
heterogeneous catalysis (10), and is of great interest. Several members of the 
Fe 4 C family have been synthesized and structurally characterized, and the 
chemistry of these clusters is under investigation in several laboratories. 

The parent neutral carbido-cluster of this class, Fe 4 C(CO) 13 , 5, is most 
readily synthesized from 4 by protonation [Eq. (4)] (//). 

[Fe 4 (CO) 12 C C0 2 CH,J- melh 7^, - > Fe 4 C(CO) 13 (4) 

(4) (5) 

This reaction is reversible by treating 5 with methanol to regenerate 4. 
The molecule (Fig. 6) comprises an open butterfly shaped Fe 4 C core, with 
three terminal carbonyls bound to each iron atom. The thirteenth carbonyl 
bridges the two iron atoms, which make up the “backbone” of the butterfly. 
Details of the structure are described below in comparison with other 
members of this family. 

Several phosphine substituted derivatives of 5 have been synthesized 
by reaction of trimethylphosphine with 5 in «-pentane (12). 



Fig. 6. Fe 4 C(CO), 3 , 5 (77). The butterfly Fe 4 C core bears twelve terminal carbonyls and a 
thirteenth bridging Fe(l)-Fe(4). Unbridged Fe-Fe distances average 2.642(4) A; Fe( 1)- 
Fe(4) = 2.545(1) A, Fe(l)-C= 1.998(4) A, Fe(4)-C= 1.987(4)A, Fe(2)-C = 1.797(4) A; 
Fe(3)-C = 1.800(4) A. Dihedral angle between Fe(l)(4K3) and Fe(lX4)(2)= 101°. 
Fe(2)CFe(3) = 175°. 
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Fig. 7. Fe 4 C(CO)io(P(CHj)j)j (13). The three trimethylphosphine ligands are coordinated 
to Fe(l), Fe(2), and Fe(4). Of the ten carbonyl ligands nine are terminal, and one is triply 
bridging on the Fe( 1X3X4) face. Fe(l)-Fe(4) = 2.528(1) A, the shortest of the metal-metal 
bonds. The other Fe-Fe distances average 2.644(19) A. Fe(l)-C = 1.979(4) A, Fe(4)-C - 
2.014(4) A, Fe(2)-C = 1.785(4) A, Fe(3)-C- 1.838(4) A. The dihedral angle between 
Fe( 1X2X4) and Fe(IX3)(4) = 102.4°. Fe(2)CFe(3) = 174°. 


Fe 4 C(CO), 3 _„(PMe 3 ) n (n = 3,4) have been fully characterized crystallo- 
graphically. The structure of Fe 4 C(CO) 10 (PMe 3 )3 has been determined and is 
shown in Fig. 7 (13,14). The carbido carbon is now bonded to two chemi¬ 
cally inequivalent wingtip iron atoms Fe(2) and Fe(3), since Fe(3) remains 
unsubstituted by trimethylphosphine, and the values of Fe(2)-C caibide and 
Fe(3)-C carbide reflect this fact [1.785(5) and 1.838(5) A, respectively]. These 
remain, however, significantly shorter than the bonds to Fe(l) and Fe(4) 
[1.979(5) and 2.014(5) A], a difference characteristic of the Fe 4 C clusters in 
which the carbon atom is bound only to iron atoms (see below). 

The tetrakis(trimethylphosphine) derivative Fe 4 C(CO) 9 (PMe 3 ) 4 has been 
characterized by 'H, 3I P, and l3 C NMR spectroscopy, and on the basis of the 
presence of two equally populated phosphine sites is assigned the symmetric 
structure, each iron atom bearing one phosphine ligand and two carbon¬ 
yls (12). This was confirmed by X-ray diffraction (13). 

Reduction of Fe 4 C(CO) 13 by sodium amalgam yields [Fe 4 C(CO), 2 ] 2_ , 6 
(14), which was previously synthesized by Tachikawa and Muetterties 
indirectly from [Fe 5 C(CO) 14 ] 2 ~ (see below) (15). The structure of 6 (Fig. 8) is 
very similar to that of 5, but without the bridging carbonyl (16). 

Reaction of 6 with methyl iodide yields the anionic acetylmethylidyne 
cluster, [Fe 4 (CO), 2 C • C(0)CH 3 ] _ (16), in a reaction which might proceed 
via an iron bound acetyl which migrates to the carbido carbon under 
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Fig. 8 . Fe 4 C(CO)fr, 6, as in its Zn(NH 3 )J + salt (16). The dianion contains twelve terminal 
carbonyls. Fe(2) and Fe(2') are related by a crystallographic mirror plane which contains Fe( 1), 
Fe(4), and C. Fe(l)-Fe(2) = 2.637(1) A; Fe(2)-Fe(4) = 2.653(1) A; Fe(2)-Fe(2') = 2.534 A. 
Fe(l)-C= 1.810(7) A; Fe(2)-C = 1.969(5) A; Fe(4)-C = 1.786(7) A. Dihedral angle be¬ 
tween Fe(!)(2)(2') and Fe(4)(2)(2') = 101.5°. Fe(l)CFe(4)= 178°. 


the influence of carbon monoxide (the source of which is unclear) as in 
Scheme 2. 




/ 


Scheme 2 


Oxidation of 6 under carbon monoxide gives 5 (16), and under hydrogen 
yields the hydridomethylidyne hydride cluster 7 [Eq. (5)] (15). 


[Fe 4 C(CO), 2 p- ^ ■ HFe 4 (CO), 2 CH 


(5) 


(6) (7) 

This reaction is certainly among the most significant observations in 
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Fig. 9. HFe 4 (CO) 12 CH, 7, as determined by neutron diffraction (19). The cluster contains 
twelve terminal carbonyls. Fe(l)-Fe(2) = 2.611(2) A; Fe(l)-Fe(3)= 2.614(2) A; Fe(2)- 
Fe(4) = 2.631(2) A; Fe(3)-Fe(4) = 2.623(2) A; Fe(2)-Fe(3)= 2.603(2) A. Fe(l)-C = 
1.927(2) A; Fe(2)-C= 1.941(2) A; Fe(3)-C = 1.949(2) A; Fe(4)-C = 1.827(2) A. Fe(l)- 
H, = 1.753(4) A; C-H, = 1.191(4) A. Fe(3)-H b = 1.668(4) A; F£(2)-H b = 1.670(4) A. Di¬ 
hedral angle between Fe( 1X2X3) and Fe(4X2)(3) = 110.5°. Fe(l)CFe(4) = 170.5°. 


recent cluster chemistry, providing as it does a molecular analog for the 
reaction of surface bound carbon atoms with hydrogen in heterogeneous 
methanation and Fischer-Tropsch catalysis of carbon monoxide hydro¬ 
genation. Alternative syntheses of 7 are provided by protonation of 6 
(75, 17) or by refluxing 5 in toluene under hydrogen (14). 

The structure of 7 is shown in Fig. 9. The hydrogen atoms were located in 
both X-ray (18) and neutron diffraction studies (19), one bridging 
Fe(2)Fe(3), the other in a three center FeHC unit, in which the methylidyne 
C-H vector tilts toward one wingtip iron atom in the Fe 4 butterfly. 

The molecule is fluxional, exhibiting CO site exchange, CH exchange 
from one wingtip to the other, and methylidyne-bridging hydride exchange. 
This compound has also been synthesized from [Fe 5 C(CO) l4 ] 2_ , 2, by 
protonation (75), or from the noncarbide cluster [Fe 4 (CO) l3 ] 2_ , again by 
protonation (see below) (17). The methylidyne hydrogen in 7 is quite acidic, 
and in methanol ionization is quantitative, yielding HFe 4 C(CO)p 2 , 8 (17), 
[which is also formed when the carbomethoxymethylidyne cluster 4 is 
reduced with BH 3 • THF (14)} which may in turn be deprotonated to 6 [Eq. 
(6)] (15). 


HCI MeOH Et,N 

[Fe,C(CO),<p--- HFe 4 (CO) l2 CH-- [HFe 4 C(CO) l2 ]--• [Fe 4 C(CO) 12 p- (6) 


(2) 


(7) 


(8) 


(6) 
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Again, the structure of 8 resembles that of 5, but with bridging hydride in 
place of the bridging carbonyl (/7). 

The three isoelectronic clusters Fe 4 C(CO) 13 , 5, [Fe 4 C(CO) 12 ] 2_ , 6, and 
[HFe 4 C(CO), 2 ] _ , 8, provide the central characters in the Fe 4 C family. Their 
structures have been determined by X-ray diffraction, and in all three cases 
there is a basic Fe 4 C(CO) 12 core of relatively invariant geometry, with the 
open butterfly arrangement characteristic of Fe 4 C clusters. Consistent with 
the predictions of Wade’s rules (20) these 62 electron clusters, possessing 
seven skeletal electron pairs and four vertices, adopt an arachno structure 
based on the octahedron. The carbonyls are all terminal in groups of three 
on each iron atom, and the carbido carbon atom is situated centrally above 
the midpoint of the “backbone” Fe-Fe bond, midway between the two 
“wingtips.” The dihedral angle between the two triangular wings of the 
butterfly averages 102° ±2° over the three clusters; the angle subtended at 
the carbide carbon atom by the “wingtip” iron atoms averages 176° ±2°, 
and the Fe-C^j^ distances a and b are almost constant (see Table I). 

The dihedral angle S is rather less than the 109° provided by a regular 
octahedral cavity (from which the butterfly is derived), and this compression 
is reflected in the disparity between the two sets of Fe-C^de distances, a 
and b (see Table I). Note, however, that the shorter distances a are close to 
the Fe~C carbldc distances found in the octahedral [Fe 6 C(CO) 16 ] 2- (7), and 
that the smaller dihedral angle results in effect from the lengthening of b in 
going to the Fe 4 C cluster. 

It will be apparent at this point that the synthesis of some of the Fe 4 C 
clusters has enjoyed its share of serendipity (in the tradition of cluster 
chemistry). In two instances, however, rational mechanisms of complex 
reactions have been elucidated by the isolation and characterization of 


TABLE 1 

Core Geometry of Fe 4 C Clusters 



Cluster 

Dihedral <5 (deg) 

FeCFe (a) (deg) 

a (A) 

b (A) 

Ref. 

Fe 4 C(CO)| 3 , 5 

101 

175 

1.80 

1.94 

II 

[Fe 4 C(CO) 12 HJ- 8 

104 

174 

1.79 

1.88 

17 

[Fe 4 C(CO) 12 ] 2 -, 6 

101 

178.3 

1.79 

1.97 

16 
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intermediates. The reactions are 

1. The synthesis of HFe 4 (CHXCO), 2 by protonation of [Fe 4 (CO), 3 ] 2_ 

( 21 ). 

2. The synthesis of [Fe 4 (C0) 12 CC0 2 CH 3 ]~ by tropylium bromide oxida¬ 
tion of [Fe 6 C(CO) 16 ] 2 ~ in methanol (8). 

In the first example, Shriver and co-workers have identified each step in 
the proton induced reduction of coordinated carbon monoxide in 
[Fe 4 (CO) l3 ] 2 - to methane [Eq. (7)] (17). 

[Fe,(CO) 13 p- + «H+ — CH 4 + HjO + Fe 3+ + CO + H 2 ■ • • (7) 

It was shown that the reaction occurs via formation of HFe 4 (CO) 12 CH 
and its eventual protolysis yielding methane. The process is summarized in 
Scheme 3. Protonation of [Fe 4 (CO) 13 ] 2 “ results in the opening of the Fe 4 
tetrahedron to a butterfly configuration in [HFe 4 (CO), 3 ] _ . This anion, 
which had been structurally characterized by Manassero el al. (22), has the 
familiar Fe 4 C(CO) 12 core, with the thirteenth carbonyl (containing the 
putative carbide carbon) adopting a four electron bridging geometry, span¬ 
ning the wingtips of the Fe 4 butterfly, and a hydride bridging the remaining 
two iron atoms. Further protonation occurs at the oxygen atom of the 
unique carbonyl, forming HFe 4 (CO), 2 (COH) (identified by l3 C and 'H 
NMR at low temperature) (23). Reaction with an additional proton breaks 
the C-O bond with the liberation of water, forming the bona fide carbido¬ 
carbonyl cluster [HFe 4 C(CO) 12 ] - , 8, which again protonates to the hydrido- 
methylidyne cluster, 7. Thus the formation of the carbide from coordinated 
CO was elegantly demonstrated. 



F *4( CO )l3 HF« 4 (CO)i3 HFe 4 (CO) 12 (COH) 



h f. 4 (co) 12 (ch) hf« 4 c(co) 12 


Scheme 3 
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Fig. 10. Fe 5 C(CO) 12 BiT, as in its (C 2 H 5 ) 4 N+ salt (25). The Fe s framework comprises an 
Fe 4 C butterfly [Fe( 1 ),(2),(3),(4)] capped by Fe(5), which is bound to two bromine atoms. Each 
of the butterfly iron atoms bears three terminal carbonyls. The Fe-Fe distances within the 
Fe 4 C unit resemble those in Fe 4 C(CO)fr, 6. The Fe(2)-Fe(3) vector, common to the two 
triangular “wings,” is 2.531(1) A [cf. 2.534(1) A in 6], The other Fe-Fe bonds average 2.661 A 
(2.645 A in 6). The bonds to the FeBr 2 vertex are Fe(2)-Fe(5) = 2.680(1) A, Fe(4)-Fe(5) = 
2.707 A. The Fe(l)-Fe(5) distance is 3.1j>6(l) A. The dihedral between Fe(l)(2)(3) and 
Fe(l)(4)(3) is 103.6°, (101° in 6) and Fe(2)CFe(4) = 177.4° (cf. 178° in 6). Fe(5) lies slightly 
below the Fe(2)(3)(4) plane. 


In the second example, the synthesis of [Fe 4 (C0) 12 CC0 2 CH 3 ] _ , 4 , from 
[Fe 6 C(CO) 16 ] 2 ~, 3 , the mechanism of the reaction has been elucidated by the 
isolation and interconversion of several carbide containing intermediates 
(24). Initial oxidation of [Fe 6 C(CO) 16 ] 2_ by tropylium ion removes one iron 
vertex as Fe 2+ , yielding Fe 5 C(CO) 15 [as observed for the same oxidation 
using ferric ion (4)]. Nucleophilic attack by bromide results in the substitu¬ 
tion of two halide ions for three carbonyls, yielding [Fe 5 C(CO) l3 Br 2 ] 2 ~. This 
unusual cluster was obtained in minute yield as a by-product of the synthesis 
of 4 from 3 [Eq. (2)], and its structure (Fig. 10) (25) suggested that it was an 
intermediate in the fragmentation of Fe 5 C(CO) 15 to an Fe 4 C cluster. The 
most significant feature of the structure is the long Fe(l)-Fe(5) distance, 
3.16 A, longer by 0.5 A than the other Fe-Fe bonds. This distortion from 
the square pyramidal geometry of the precursor Fe 5 C(CO) 15 presages the 
loss of the FeBr 2 group, leaving an Fe 4 C cluster. Indeed, reaction between 
Fe 5 C(CO), 5 and tetraethylammonium bromide in acetone proceeds 
smoothly with formation of [Fe 4 C(CO) 12 ] 2_ , 6, presumably via the interme¬ 
diacy of the dibromo cluster. Oxidation of 6 under the conditions of Eq. (2) 
(i.e., in the presence of carbon monoxide) yields Fe 4 C(CO) 13 ,5, which reacts 
with methanol to yield 4 (11). The overall sequence is shown in Scheme 4. 

Each intermediate in this process has been structurally characterized and 
the interconversions demonstrated. The implied necessity of bromide to the 



The Chemistry of Carbidocarbonyl Clusters 


15 



Scheme 4 


fragmentation was also demonstrated by the failure to observe the forma¬ 
tion of 4 from 3 if tropylium fluorophosphate is used as oxidizing agent. 
Addition of bromide ion to the reaction mixture produces a clean transfor¬ 
mation from 3 to 4, and in fact this is the preferred synthesis of 
[Fe 4 (C0)| 2 CC0 2 CH 3 ]~ in our laboratory (26). 

The reactions of the Fe 4 C clusters are dominated by the reactivity of the 
exposed carbon atom (Scheme 5). A number of organometallic derivatives 
have been synthesized, and it is clear that the scope of this chemistry will 
continue to broaden. 

There are so far no examples of trigonally coordinated carbon atoms in 
Fe 3 C clusters, which is not surprising. However, the intermediacy of such a 
species is implied in the reported isolation of the ketenylidene cluster 
Fe 3 (CO) 10 (CCO), from the oxidation of [Fe 4 C(CO) 12 ] 2- in the absence of 
effective reagents. The identification of this novel cluster rests as yet on mass 
spectroscopic evidence (16). 

The smallest member of the iron carbide family is neither a carbonyl nor a 
cluster, but is included here since its structure is an example of the lowest 
coordination number for a carbon atom in a transition metal complex. The 
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Scheme 5. (a) Ref. 14\ (b) Ref. 76; (c) Ref 77; (d) Ref 75; (e) Ref 8. 


reaction of tetraphenylporphyrin iron(II) with carbon tetraiodide in the 
presence of an excess of iron powder yields 9 in 80% yield [Eq. (8)] (27). 

(TPP)Fe + CI« F ‘ P ° Wder • (TPP)Fe=C=Fe(TPP) (8) 

( 9 ) 

The identity of 9 as a carbon bridged metalloporphyrin was originally 
suggested on the basis of both spectroscopic and chemical data, and this was 
subsequently confirmed by an X-ray diffraction study (27a). The existence 
of 9 as a stable species was predicted by Hoffman and co-workers (28) on the 
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basis of extended Huckel calculations, predicting an Fe-C-Fe angle of 
180°, which the structural results confirmed. 


Ill 

CARBIDOCARBONYL CLUSTERS OF RUTHENIUM AND OSMIUM 

The lowest nuclearity carbidocarbonyl clusters of ruthenium and osmium 
are RujC(CO ) 15 ,10, and OsjC(CO) l5 ,11. The former is synthesized in high 
yield by the carbonylation of Ru 6 C(CO), 7 (see below) under precisely 
determined conditions of temperature and pressure [Eq. (9)] (29). 

CO, 80 atm 

Ru 6 C(CO) 17 70 . c 3hr ■ Ru,C(CO) 15 + Ru(CO) s (9) 

(10) 

The osmium analog was obtained in moderate yield by pyrolysis of 
Os 6 (CO) 18 or Os 3 (CO) 12 ( 30 ). Both the ruthenium (29) and osmium clusters 
( 31 ) are isostructural with the original iron analog, 1 (2), the metal atoms 
describing a square pyramid, each vertex bearing three terminal carbonyls. 
The carbon atom lies fractionally below the center of the basal plane of the 
cluster, protruding 0.11 A below the Ru 4 plane in 10 and 0.12 A below the 
Os 4 plane in 11 [cf. a value of 0.08 A for FejC(CO), s (2)] (see Fig. 11). 

Reactions of 10 with iodine, acetonitrile, triphenylphosphine, and hydro¬ 
gen halides have been reported (Scheme 6) ( 32 ). 


Fig. 11. Comparison of the structures of M s C(CO), } (M = Fe, Ru, Os) (2, 29, 31): 


M 

a 

b 

c 

d 

* 

Ref. 

Fe 

2.62(4) 

2.66(3) 

1.96(3) 

1.89(2) 

0.08 

2 

Ru 

2.3 

2.85 

2.04 


0.11 

20 

Os 

2.85(3) 

2.88(2) 

2.06 


0.12 

31 
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HRu 5 C(CO) 15 X 
I HX 

I, MpTN 

Ru 5 C(CO) 15 I 2 «-i- Ru 5 C(CO) 15 Ru 5 C(CO) 15 (MeCN) 



Ru 5 C(CO) H (PPh 3 ) 

Scheme 6 


The structure of the triphenylphosphine substitution product is known 
( 29 ). The square pyramidal Ru 6 C core is retained, and the phosphine re¬ 
places one carbon monoxide from a basal Ru(CO) 3 group in 10. The carbide 
carbon atom is situated 0.19 A below the square face of the pyramid (cf. 
0.11 A in 10 ). 

Heating 10 under argon regenerates Ru 6 C(CO) 17 , and reaction with 
hydrogen yields a hydride cluster tentatively identified as H 2 Ru 5 C(CO), 5 
( 29 ). 



Fig. 12. Os 5 C(CO)„r, 12, as in its (PPh 3 ) 2 N + salt (31). The Os 5 C core describes an open 
bipyramidal structure, with Os( 1), Os(4), and Os(5) occupying three of the five equatorial sites 
of a pentagonal bipyramid, Os(2) and Os(3) being in the two apical sites. The fifteen carbonyls 
(three per metal atom) are all terminal. Os( 1 )-Os(2) = 2.903( 1) A; Os( 1 )-Os(3) = 2.921 (1) A; 
Os(l)-Os(4) = 2.748(1) A; Os(2)-Os(4) = 2.899(1) A; Os(2)-Os(5) = 2.933(1) A; Os(3)- 
Os(4) = 2.896(1) A; Os(3)-Os(5) = 2.934(1) A. The two Os-C bonds from Os(2) and Os(3) 
are shorter [1.978(12) and 1.995(12)A] than those in the equatorial plane [Os(l)-C = 
2.108(12) A; Os(4)-C = 2.108(12) A; Os(5)-C = 2.174(12) A], 
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Both 10 and 11 react with halide ions to give [M 5 C(CO) 15 X]- products. 
The iodopentaosmium cluster [Os 5 C(CO) 15 I] _ , 12, has been fully character¬ 
ized by X-ray diffraction (Fig. 12) and adopts an open arachno structure 
based on a pentagonal bipyramid but lacking two equatorial vertices (31). 

The structure of the ruthenium analog to 12 has not been determined 
crystallographically, but infrared spectroscopic evidence (see Section VI,A) 
and analogy with the osmium cluster led to the conclusion that 
[Ru 5 C(CO) 15 X] _ has the same open bipyramidal structure (29). The geome¬ 
tries adopted by these clusters are consistent with Wade’s rules (20), since 
the halide ion adds two electrons to the 74 electron square pyramidal 
clusters, resulting in eight skeletal electron pairs to be accomodated by the 
five vertex cluster. This results in the breaking of the metal-metal bonds 
giving the observed open structures (with increased access to the carbon 
atom, an important factor in any attempt to observe reactions at the carbon 
site) (1, 8). The HRu 5 C(CO) 15 X (X = Cl, Br) clusters have been assigned 
open pyramidal structures similar to [Ru 5 C(CO), 5 X]“ (see below) on the 
basis of infrared spectroscopy (32) (see Section VI,A). 

Further examples of Os 5 C clusters which adopt this more open frame¬ 
work are provided by three products of the pyrolysis of Os 3 (CO),,P(OMe) 3 
[Eq. (10)]. 


Os3(CO)„P(OMe), HOs 5 C(CO) l4 (OP(OMe)2) 

(13) 

+ HOs 5 QCO)„(OP(OMe) 2 XP(OMe) 3 ) 

(14) 

+ HOs 5 C(CO), j(OP(OMe )OP(OMe) 2 ) 

(15) 

+ other products (10) 

The structures of 13 (33), 14 (34), and 15 (35) are shown in Figs. 13, 14, 
and 15. Each of the products is a 76-electron five-vertex cluster; in 13 the 
phosphorus ligand donates three electrons to the cluster, 14 is the trimethyl- 
phosphite substitution product of 13, and in 15 the phosphorus ligand 
contributes five electrons to the cluster. As with the isoelectronic 
[Os 5 C(CO) 15 I] _ , the Os 5 C cores take open structures based on a pentagonal 
bipyramid in which only three of the equatorial vertices are present. The 
structures of the Os 5 C cores are very similar for 13,14, and 15. Mean Os-Os 
distances are 2.90 ± 0.06 A for all three, and the carbido carbon atom is 




Fig. 13. HOs s C(CO) 14 (OP(OCH 3 ) 2 ), 13 (ii). The Os 5 C core is similar to that in 12 (Fig. 12). 
Os(2) and Os(3) are the apices and Os( 1), Os(4), and Os(5) are three of the equatorial vertices of 
a pentagonal bipyramid [alternately Os(5) caps the Os 4 C butterfly described by Os( 1), Os(2), 
Os(3), and Os(4)]. The longest Os-Os bonds are to Os(5) [Os(2)-Os(5) = 2.928(2) A, Os(3)- 
Os(5) = 2.937(2) A], which bears three carbonyls as well as the phosphonate oxygen atom. Of 
the five remaining metal-metal bonds Os(l)-Os(4) is significantly longer [2.914(2) A] than 
the other four [which average 2.878(8) A], which probably reveals the location of the hydrogen 
atom. The mean Os-Q^. distance is 2.06(6) A. 



Fig. 14. HOs s C(CO) i3 (OP(OCH j) 2 )(P(OCH 3 ) 3 ), 14 (34). The Os s C core is similar to that in 
Fig. 13. In this case Os(4) and Os(5) occupy apical sites and Os( 1), Os(2), and Os(3) are three of 
the equatorial sites of the incomplete pentagonal bipyramid. The trimethylphosphite ligand is 
coordinated to Os(3), which also bears two carbonyls and the phosphonate oxygen atom. The 
hydride is assigned a bridging position on Os(I)-Os(2). The two metal-metal bonds to Os(3) 
are significantly longer [2.954(20) A] than the remaining five [mean 2.877(9) A], The mean 
Os-Cert,!,,, distance is 2.07(7) A. 
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Fig. 1 5. HOs,C(CO) 13 (OP(OCH 3 )OP(OCH3) 2 ), 15 (35). The Os,C core is similar to both 13 
and 14. Os(l) and Os(3) are in apical sites, and Os(2), Os(4), and Os(5) are in equatorial sites. 
The tridentate phosphorus ligand coordinates to Os(l) via one phosphorus atom, to Os(2) via 
the second phosphorus atom, and to Os(4) via the phosphonate oxygen. The Os( 1)- Os(4) bond 
is the longest in the core [2.951(3) A], and the second bond to Os(4) [Os(3)-Os(4)] is also 
significantly longer [2.911(3) A] than the other Os-Os bonds [mean 2.852( 18) A], The Os(2)- 
Os(5) bond [2.927(3) A] is assigned to the bridging hydride. The mean Os-C^^ distance is 

2.06(6) A. 


approximately equidistant from the five osmium atoms in each cluster, with 
mean Os-Q,,** distances of 2.06 ± 0.07 A. The central carbon atom lies 
in the equatorial plane of each bipyramidal molecule, midway between the 
two apical osmium atoms. 

The structures of 13,14, and 15 provide an increase in spatial access to the 
carbon atom when compared with the 74 electron square pyramidal analog 
Os 5 C(CO) 13 , as was found for [OsjC(CO),jI] _ . 

The structural modifications caused by the addition of electrons to these 
clusters raise the prospect of the synthesis of Ru 4 C and Os 4 C clusters by the 
fragmentation of larger clusters, as was found for the iron case, but no such 
compounds have yet been reported. 

The first reported examples of M 6 C carbidocarbonyl clusters were origi¬ 
nally found in ruthenium chemistry. Ru 6 C(CO)i 7 , 16, and its arene derivi- 
ties Ru 6 C(CO) 14 (arene) (arene = toluene, xylene, and mesitylene) (36, 37) 
were synthesized in modest yields by refluxing Ru 3 (CO) 12 in the requisite 
arene, 16 becoming the major product when a saturated hydrocarbon such 
as decane was the solvent. 
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Fig. 16. Ru 6 C(CO)„, 16 (38). The molecule contains one bridging and sixteen terminal 
carbonyls coordinated to an octahedral Ru 6 C core. The Ru-Ru distances range from 
2.827(5) to 3.034(5) A, averaging 2.90(6) A. The mean Ru-C^i,,, distance is 2.05(7) A. 

The structures of both 16 and its mesitylene substituted analog 17 are 
known (Figs. 16 and 17). The six ruthenium atoms in 16 form an octahe¬ 
dron with the carbon atom at the center ( 38 ), whereas in 17 the carbon atom 
is situated somewhat closer to the ruthenium vertex bearing the arene ( 39 ). 

An improved synthesis of 16, by the reaction of Ru 3 (CO) l2 with ethylene, 
has been reported, with yields of 70% ( 40 ). 



Fig. 17. Ru 6 C(CO) u (mesitylene), 17 (39). As in the case of 16, one of the carbonyl ligands 
bridges an edge of the octahedral Ru 6 C core. The arene ligand is bound to a ruthenium atom 
which forms a triangular face with the carbonyl-bridged Ru-Ru edge. The Ru-Ru distances 
average 2.88(4) A and the mean Ru-Q^**. distance is 2.04 A. The carbon atom is displaced 
from the center of the octahedron by 0.12 A, toward the arene-bearing vertex. 
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The dianion [Ru 6 C(CO), 6 ] 2_ , 18, isoelectronic with 16, has been prepared 
by treatment of 17 with sodium methoxide in methanol to yield 
[Ru 6 C(C0), 6 C0 2 Me]~ followed by reaction with aqueous base [Eq. (11)] 

(40) . 

Ru 6 C(CO) 17 [Ru 6 C(C0) 16 C0 2 Me]- [Ru 6 C(CO) l6 p- (11) 

(17) (18) 

Cluster 18 may also be synthesized, more conveniently, from the reaction 
of Ru 3 (CO) 12 with NaMn(CO) 5 in refluxing diglyme (41). 

Two structures of the dianion have been reported. The tetramethylam- 
monium salt, 18a, apparently differs from the tetraphenylarsonium salt 18b 
in the precise disposition of the bridging carbonyl ligands. Cluster 18b is 
reported to contain four bridging carbonyls (40), whereas 18a has only three 

(41) . However, a fourth carbonyl in the latter is highly disordered [as was the 
case for the isostructural iron analog (7)] tending toward an asymmetrically 
bridging position, and it seems likely that the two salts are in fact essentially 
identical, the apparent differences being due more to crystallographic arti¬ 
facts than to distinguishable chemistry. The structure of 18b is shown in 
Fig. 18. 

The dihydride H 2 Ru 6 C(CO) 16 has been synthesized by protonation of 18 
(40, 41) but no structure determination has been reported, characterization 
relying on analytic and spectroscopic evidence. 



Fig. 18. Ru 6 C(CO)fc, 18, as in its Ph 4 As + salt (40). The anion has approximate C 2 „ 
symmetry, with four asymmetrically bridging and twelve terminal carbonyls bound to an 
octahedral Ru 6 C core. Mean Ru-Ru distance is 2.89 A, the mean Ru-C^^ distance is 
2.05 A. 
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Several derivatives of RuiQCO)^ have been synthesized. Phosphine and 
phosphite derivatives Ru 6 C(CO) 17 _ FI (P) (I have been prepared by direct reac¬ 
tion of 16 with a wide range of phosphorus ligands, and the degree of 
substitution is dependent on the phosphorus donor ( 42 - 44 ). With PPh 3 in 
refluxing hexane only the monosubstitution product is obtained, whereas a 
disubstitution product is formed with PPh 2 Et under the same conditions. 
P(OMe) 3 displaces up to four moles of CO from 16, and all four 
Ru 6 C(CO) 17 _„ [P(OMe) 3 ] B clusters have been isolated. The crystal structure 
of one phosphine derivative is known. RuiQCO^PPhjEt), 19 ( 44 ), retains 
the octahedral structure of 16, and like 16 has one bridging carbonyl ligand, 
the remainder being terminal. The phosphine is coordinated to a ruthenium 
atom which makes a triangular face with the bridged Ru-Ru bond. The 
carbide carbon atom in 19 is not significantly displaced from its position in 
16 and occupies a cavity of similar dimensions [mean Ru-C =2.060(26) A 
for 19, 2.05 A for 16]. 

A widely applicable method for synthesizing Ru 6 C(CO) 17 _„L complexes 
is available [Eq. (12)]. [Ru 6 C(CO) l6 ] 2- , 18, is easily oxidized by mild oxi¬ 
dants such as ferrocenium cation. Even in the absence of added CO, 18 is 
transformed to 16 in high yield, demonstrating the highly reactive nature of 
the coordinatively unsaturated [Ru 6 C(CO) 16 ], the probable intermediate 
( 41 ). Under one atmosphere of CO the reaction is quantitative [providing a 
convenient high yield synthesis of Ru 6 C(CO), 7 from Ru 3 (CO)i 2 ], 

[Ru 6 C(CO) 16 ] s_ + Cp 2 Fe + Ru 6 C(CO)„L + Cp 2 Fe 
L = CO, tertiary phosphine, n = 16 

L = C 6 H 5 C=C 6 H 5 , C 6 HjC=CH, CHjCsCCjHj, n - 15 (12) 

The acetylene adducts Ru 6 C(CO) l5 (RC 2 R') are interesting in that the 
organic ligand contributes four electrons to the cluster by bonding to an Ru 3 
face via two tr-bonds and one n-bond, as exemplified by Ru 6 C(CO) 15 
(C 6 H 5 C=CH), the structure of which was determined by X-ray diffraction 
(Fig. 19) ( 45 , 46 ). 

A further example of the synthesis of an organometallic derivative of 16 
by oxidation of 18 is provided by the reaction of 18 with tropylium bromide 
[Eq. (13)] ( 41 ). 

[Ru 6 C(CO) I6 ] 2 ~ + 2C 7 Hf — Ru 6 C(CO) 14 (C I4 H 14 ) + 2CO (1 3) 

In this reaction the incoming ligand is the organic redox product, bitropyl 
(C, 4 H 14 ), which coordinates to one Ru 3 face of the octahedral Ru 6 C core, 
each double bond of one C 7 H 7 ring bonding to a separate ruthenium atom 
( 47 ) (Fig. 20). The carbido carbon is significantly closer to the substituted 
face of the cluster (mean Ru-C = 2.04 A) than to the unsubstituted face 
(mean Ru-C = 2.08 A). 
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Fig. 19. Ru 6 C(CO), 5 (PhC=CH) (45, 46). The six ruthenium atoms define a slightly 
distorted octahedron, with the carbide carbon at the center (mean Ru-C = 2.04(2) A). The 
phenylacetylene ligand is bound to one triangular face of the cluster. Ru- Ru bond lengths fall 
into two groups: those on the face bearing the acetylene average 2.80(4) A, and the remaining 
metal-metal bonds average 2.92(5) A. 



Fig. 20. Ru 6 C(CO) 14 (C, 4 H 14 ) (47). One C 7 H 7 ring of the bitropyl molecule is bound to a 
triangular face of the octahedral Ru 5 C core. Thirteen of the carbonyls are terminal, one 
bridging. The eight unbridged Ru-Ru bonds average 2.93 A, the carbonyl bridged bond is 
2.778 A, and the three bonds between the metal atoms bound to the organic ligand average 
2.90 A. The carbide carbon is closer to these ruthenium atoms (2.04 A) than to the unsubsti¬ 
tuted ruthenium atoms (2.08 A). 
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Another organometallic derivative of 19 is formed as a minor by-product 
in the synthesis of 16 by treatment of Ru 3 (CO) 12 with ethylene (48). 
Ru 6 C(CO), 5 (CH 3 CH = CH—CH = CHCH 3 ) produced in this reaction is 
an octahedral cluster, with the trans,trans-2,A-ht\a<Mene molecule coordi¬ 
nated to adjacent ruthenium atoms (Fig. 21). 

An interesting example of pronounced distortion which can result when a 
multielectron donor coordinates to the M 6 C core is provided by the struc¬ 
ture of HRu 6 C(CO), 5 (SEt) 3 , produced by the reaction between Ru 6 C(CO), 7 
and EtSH (49) (Fig. 22). The Ru 6 C cage has opened by the motion of Ru(3) 
about the Ru(l)-(2) edge, which acts as a hinge, resulting in a distorted 
trigonal bipyramidal coordination about the carbide carbon, with the sixth 
ruthenium atom bridging an axial-equational bond. This is a further 
example of a distortion of a closed M„C core resulting from the coordination 
of multielectron donors, and producing an open cage cluster with a more 
accessible carbide carbon atom (see above). 

Two bimetallic clusters derived from [Ru 6 C(CO) 16 ] 2- have been prepared, 
in which eight and thirteen metal atoms are present. The reaction of 
Cu(MeCN )4 Bf% with 18 results in the addition of two copper vertices to 
the Ru 6 C core [Eq. (14)] (50). 

2Cu(MeCN)J + [Ru 6 C(CO) l6 ] 2_ — (MeCN) 2 Cu 2 Ru 6 C(CO) 16 (14) 

(18) (20) 

The structure of 20 is shown in Fig. 23. The Ru 6 C octahedron remains 



Fig. 21. Ru 6 C(CO) l5 (CH 3 CH=CH—CH=CHCHj) (48). This structure is related to that 
of 16 by the substitution of two carbonyls on adjacent ruthenium atoms by the hexadiene 
molecule. The Ru-Ru distances average 2.91(5) A; the Ru-C^,^ distances average 2.06 A. 
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Fig. 22. HRu 6 C(CO),5(SEt) 3 (49). The carbide carbon is coordinated by five of the ruthe¬ 
nium atoms in a distorted trigonal bipyramidal array (mean Ru-C= 2.07 ± 0.08 A). 
Ru(2)(4)(5) define the equatorial plane; Ru(l) and Ru(6), the axial sites. Ru(3) bridges the 
axial - equatorial bond Ru( 1) - Ru(2) [3.049( 1) A], Ru(l)-Ru(3) [3.052( I) A] is bridged by one 
thiolate ligand, Ru(2)- Ru(3) [3.012( 1) A] by two. Ru(2)- Ru(6) = 2.908( I) A. The remaining 
Ru- Ru bonds average 2.86 ± 0.04 A. The hydride ligand bridges Ru(4)-Ru(5) [Ru(4)-H = 
1.82 A, Ru(5)-H = 1.75 A]. The carbonyl ligands are all terminal. 



Fig. 23. (CH 3 CN) 2 Cu 2 Ru 6 C(CO) l6 , 20 (50). The distorted octahedral Ru 6 C core is capped 
by two directly bonded copper atoms [Cu-Cu = 2.693(1) A], one on an Ru 3 face, the second 
on the CuRuj face so formed. The Ru-Ru distances range from 2.798(1) to 3.072(1) A (mean 
2.89 A). Ru-Q^fc distances range from 2.031(4) to 2.073(4) A (mean 2.05 A). There are 
thirteen terminal carbonyls, and three asymmetrically bridging Ru-Ru edges. No Cu-CO 
contacts are short enough to imply bonding interactions. 
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intact, with the coordination geometry of the sixteen CO ligands staying 
remarkably similar to that in 18. The two copper atoms are directly bonded 
(Cu-Cu = 2.692 A), one capping a triangular face of the Ru 6 C core and 
providing a new CuRu 2 face, and the second capping a newly formed CuRu 2 
face of the CuRu 6 monocapped octahedron. The ruthenium-ruthenium 
bond lengths reflect the asymmetry of the cluster. The proximity of the two 
unbridged copper atoms is unusual, and in contrast with their disposition in 
an ostensibly analogous rhodium cluster (MeCN) 2 Cu 2 Rh 6 C(CO), 5 (see 
below). 

A second bimetallic derivitive of [Ru 6 C(CO), 6 ] 2- is produced by the 
reaction of 18 with thallium(III) nitrate in methanol [Eq. (15)] (57). 

Tl 3+ + 2[Ru 4 C(CO) l4 p- [TI(Ru 4 C(CO) 16 ) 2 ]- (15) 

The bimetallic anion was characterized crystallographically as its AsPhJ salt 
(52). The cluster (Fig. 24) comprises two Ru 6 C(CO), 6 octahedra, linked via 
one edge to a central thallium atom. The geometry round the thallium atom 
is determined by nonbonding contacts between the carbonyl oxygen atoms 
on the adjacent Ru 6 C(CO), 6 units. The octahedra are disposed to allow an 
effectively staggered conformation of the oxygens, resulting in a torsional 
angle of 35.9° between the two Ru-Ru edges directly bonded to the 
thallium atom. 

No osmium analogs to the octahedral Ru 6 C clusters have been reported. 



Fig. 24. TIRu 12 (C) 2 (CO)j 2 , as in its Ph 4 As + salt (52). Two Ru 4 C octahedra are connected via 
one edge of each to the central thallium atom. The Ru-Ru distances within the octahedron 
range from 2.813(1) to 2.938(1) A, with the exception of the two Ru-Ru edges bound to 
thallium (3.098 A mean). The torsional angle at thallium is 35.9°, and is determined by the 
nonbonded interactions between the carbonyls on the adjacent Ru 4 C(CO), 4 units. There are 
two bridging and fourteen terminal carbonyls on each Ru 4 unit. The carbide carbons lie near 
the centers of their respective Ru 4 cages; mean Ru-Q^** = 2.05 A. 
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Fig. 25. Os 6 C(CO), 6 (CH 3 C=CCHj) (53). Five osmium atoms (1-5) define a square 
pyramid with the carbide carbon ca. 0.20 A below the basal plane equidistant from the four 
basal osmium atoms [mean Os-C = 2.04(2) A], and 2.20(2) A from the apical osmium. The 
sixth osmium atom bridges one basal edge [Os(3)-Os<4)] lying below the basal plane. The 
acetylene ligand is bound to the Os(3)(4)(6) triangle, which makes an angle of 25.3° with the 
four basal metal atoms. U nbridged Os - Os distances average 2.87(5) A; Os - Os distances in the 
Os(3)(4X6) triangle average 2.77(3) A. 


An alternative structure is observed for the only Os 6 C cluster so far known. 
Os 6 C(CO), 6 (CH 3 C:CCH 3 ) (53) has been isolated in 5% yield from the 
reaction of Os 6 (CO) lg with ethylene at 175°C for 60 hr. The structure of the 
cluster (Fig. 25) comprises an edge bridged square pyramid of osmium 
atoms with the bridging atom lying below one edge of the basal plane, the 
new triangle of osmium atoms making an angle of 25.3° with that plane. 
That is the first and so far the only example of such a geometry [although an 
edge bridging metal atom is also found in Rh g C(CO) 19 (see p. 40)]. How¬ 
ever, whereas the Ru 6 C group represents the most common state of aggrega¬ 
tion for ruthenium carbidocarbonyl clusters, osmium provides a well-estab¬ 
lished and growing class of larger carbide clusters, emanating (as have many 
advances in ruthenium carbidocarbonyl chemistry) from the Cambridge 
group of Lewis, Johnson, and co-workers. 

H 2 Os 7 C(CO), 9 (54), the first example known of an M 7 C carbide cluster, 
was identified by mass spectroscopy and infrared spectroscopy, among the 
many products obtained by heating Os 3 (CO), 2 to 230°C with small amounts 
of water in a sealed tube. No structural information is yet available. 
OsgC(CO) 2 | was similarly characterized, being present among the products 
of Os 3 (CO) 12 pyrolysis (55). 

Four Os 10 C clusters have been isolated. [Os 10 C(CO) 24 ] 2- , 21, is prepared 
in 80% yield by the vacuum pyrolysis of Os 3 (CO),, (pyridine) at 250°C for 
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Fig. 26. Os, 0 C(CO)Jj, 21, as in its (PPhj) 2 N + salt (56). The cluster comprises an octahedral 
Os t C core, with four additional osmium atoms capping tetrahedrally disposed faces of the 
octahedron. The overall symmetry is close to T d . Within the Os 6 C octahedron the Os-Os 
bondlengths average 2.88(1) A; those from the capping metal atoms average 2.79(1) A. The 
longer metal-metal bonds allow the accommodation of the carbon atom [mean Os-C Mrbide = 
2.04(3) A], All the carbonyls are terminal. 


24 hr (56). The structure of the bis(triphenylphosphine)iminium salt has 
been determined and is shown in Fig. 26. 

The carbido carbon resides at the center of an Os 6 octahedron, with the 
remaining four osmium atoms capping tetrahedral faces of the Os 6 C core. 
The overall symmetry is approximately tetrahedral, comprising three layers 
of one, three, and six osmium atoms, respectively. The carbonyl ligands are 
all terminal, with each of the octahedrally disposed metal atoms bearing two 
and each tetrahedrally disposed capping metal atom bearing three. 

Protonation of 21 yields H 2 Os 10 C(CO )24 (57). The crystal structure of the 
dihydride has not been determined, but analysis of the vibrational spectrum 
of the cluster in the region associated with motion of the interstitial carbon 
atom has led to the conclusion that the symmetry of 21 is reduced on 
protonation, probably by protonation of the central Os 6 octahedron (see 
Section VI,A) (57). Cluster 21 also reacts with iodine to yield sequentially 
[Os l0 C(CO) 24 I] _ , 22, and Os,oC(CO) 2 4 I 2 , 23, the result of electrophilic 
attack by 1+ on the dianion [Eq. (16)] (58). 

[Os 10 C(CO) 24 p- + 2l 2 - [Os,„C(CO) 24 I]- + I, 

(21) (22) 

(22) + 2I 2 - Os 10 C(CO) 24 I 2 + 1 3 - (16) 

(23) 
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Fig. 27. Os, 0 C(CO) M I- 22, as in its (Ph 3 P) 2 N + salt (55). The cluster is related to 21 by the 
addition of an iodine atom across one of the Os-Os bonds from a capping metal atom to an 
Os 6 C core metal atom. The octahedral Os-Os bonds average 2.90(5) A; the bonds from the 
capping atoms to the core metal atoms average 2.80(3) A. 

The two iodo clusters, whose structures were determined by X-ray diffrac¬ 
tion (Figs. 27 and 28), are two further examples of the opening of a closed 
cluster framework by the bond breaking effect of adding electron donating 
ligands. The iodine atoms in these clusters are regarded as three electron 



Fig. 28. Os, 0 C(CO) 24 I 2 , 23 (58). The structure is derived from that of 22 by the addition of 
an iodine atom to a second Os-Os bond between a capping metal atom and the octahedral 
Os 6 C core. Os-Os bonds within the octahedron average 2.92(5) A; the Os-Q,^^ distances 
average 2.07 A. 
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23 

Scheme 7 


donors, and so 22 and 23 possess two and four electrons, respectively, more 
than the closed dianion 21. The iodine atom in 22 has added to one of the 
capping Os 4 tetrahedra breaking one Os-Os bond and bridging the wingtips 
of the resulting Os 4 butterfly. The second iodine atom repeats this process at 
a second Os 4 site in 23. The opening of the capping tetrahedra is reversible 
by addition of iodide (see Scheme 7) (55). 


IV 

CARBIDOCARBONYL CLUSTERS OF COBALT AND RHODIUM 

The chemistry of the carbidocarbonyl clusters of cobalt and rhodium 
(none is known for iridium) is predominantly the work of Italian school of 
the late Paolo Chini and colleagues. The first rhodium cluster of this type to 
be reported was [Rh 6 C(CO) 15 ] 2_ , 24 (59), isolated as a minor by-product in 
the synthesis of [Rh 7 (CO), 6 p- (and originally misformulated as 
[Rh 3 (CO), 0 ]~). The formation of 24 resulted from the reaction of 
[Rh 7 (CO) l6 j 3_ with chloroform (the source of the carbon atom), present as 
an impurity in the reaction solvent, and 24 is now synthesized by this 
reaction [Eq. (17)]. 

NaOH/MeOH CHCI, , _ 

Rh 4 (CO), 2 -^-• [RMCOUP--• [Rh 6 C(CO) 15 p- (17) 


(24) 
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The structure of the benzyltrimethylammonium salt of 24 has been 
determined, and it provided the first example of a trigonal prismatic metal 
atom cluster (Fig. 29). The Rh - Rh distances within the trigonal bases of the 
prismatic Rh 6 C core are slightly shorter [2.776(3) A] than the interbasal 
distances [2.817(2) A]. The carbide atom resides at the center of the pris¬ 
matic Rh 6 cage [mean Rh-C^de = 2.134(4) A]. All nine of the Rh-Rh 
bonds are bridged by carbonyl ligands, the remaining six carbonyls being 
terminal, one on each rhodium atom. 

The cobalt analog to 24, [Co 6 C(CO), 5 ] 2- , is synthesized from 
(CO) 9 Co 3 CCl and Co(CO )4 in THF at 70°C, and is isomorphous with 24, as 
is the mixed anion [Co 3 Rh 3 C(CO),j] _ , and so all three of these 
[M 6 C(CO) 15 ] 2_ clusters are presumed to be isostructural (60). 

The reaction of Cu(MeCN)JBF 4 with 24 results in the capping of the two 
trigonal faces of the prismatic Rh 6 C core by MeCN • Cu vertices [Eq. (18)] 
( 61 ). 

[Rh 6 C(CO) ls p- + 2Cu(MeCN)J — (MeCN) 2 Cu 2 Rh 6 C(CO), 5 + 6MeCN (18) 
(24) 

Neither the Rh-Rh bond lengths nor the configuration of the carbonyl 
ligands is significantly affected by the addition of the two copper capping 
atoms to 24. The structure of (MeCN) 2 Cu 2 Rh 6 C(CO) 15 is shown in Fig. 30. 

On refluxing in isopropanol 24 loses carbon monoxide producing 



Fig. 29. Rh 6 C(CO)j~ 24, as in its (PhCH 2 N(CH 3 ) 3 ) + salt (59). The rhodium atoms describe 
a trigonal prism. The interbasal Rh-Rh bonds average 2.776(2) A; those within the trigonal 
bases average 2.817(2) A. The mean Rh-Q^** distance is 2.13 A. Six carbonyls are terminal 
(one on each rhodium atom), and the remaining nine bridge the metal-metal bonds. 



34 


J. S. BRADLEY 



Fig. 30. (CH 3 CN) 2 Cu 2 Rh 6 C(CO) l5 (61). The trigonal prismatic Rh 6 C core of 24 (Fig. 29) is 
essentially unperturbed by the additional copper atoms that cap the two trigonal faces of the 
prism. Rh-Rh distances average 2.765(1) A (basal) and 2.810(1) A (interbasal). The Cu-Rh 
bonds average 2.660( 1) A. The mean Rh distance is 2.13 A. 


[Rh 6 C(CO) 13 ] 2 ~, 25, and this reaction is readily reversible at room tempera¬ 
ture [Eq. (19)] (62). 

[Rh 6 C(CO) l5 p- ■" > 7 5 :c I 1U> ‘ [Rh-ACO.jP- + 2CO (19) 

(24) 

With decarbonylation the trigonal prismatic 24 loses four electrons and 
adopts the octahedral geometry expected for an 86 electron cluster, but with 
a marked distortion (Fig. 31). The Rh-Rh distances vary from ~2.75 A for 
those with bridging carbonyls, to ~ 3.10 A for the four longest (unbridged) 
bonds. This distortion might be explained by the steric requirements of the 
interstitial carbon atom, since the cavity provided by an octahedron is a 
small one (giving an effective radius of 0.60 A for the carbide atom, com¬ 
pared with 0.74 A in the prismatic 24), but other carbidocarbonyl clusters 
with similarly small but more regular octahedral cavities are known (see 
Section VII,B). 

The oxidation of [Co 6 C(CO) 15 ] 2- with ferric ion results in a similar 
decarbonylation, and rearrangement of the trigonal prism to an octahedron. 
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Fig. 31 . Rh 6 C(CO)f- 25, as in its Ph 4 P*- salt (62). The Rh 6 C core is a distorted octahedron, 
with Rh-Rh bonds varying from 2.733(2) to 3.188(2) A (mean 2.91 A). Rh-C^^ distances 
range from 1 ,99( 1 ) to 2.15( 1 ) A (mean 2.05 A). There are six edge bridging and seven terminal 
carbonyls. 


giving the paramagnetic 87 electron cluster [Co 6 C(CO) 14 ]~ 26, [Eq. (20)] 
(63), which is also obtained from the reaction of Co 3 (CO) 9 CCl with 
[Co(CO) 4 ]- in diethyl ether (64). 

[Co 6 C(CO), 5 ] 2- + FeCl 3 THF 25C ■ [Co 6 C(CO) l4 ]- + FeClj + CO + Cl- (20) 
(26) 

The structure of 26 is shown in Fig. 32. The Co 6 C core of 26 displays an 
interesting distortion from a regular octahedron, with one cobalt-cobalt 
bond [Co(l)-Co(2) = 2.916 A] much longer than the others, which average 
— 2.63 A. The central carbon atom lies at a mean distance of 1.85 A from 
four of the cobalt atoms, but 1.93 A from the metal atoms which make up 
the long edge. On the basis of these data the unpaired electron has been 
assigned to an antibonding orbital associated with the Co(l)-Co(2) bond 
(63). 

Further oxidation of 26 with tropylium bromide in methanol results in 
partial fragmentation of the Co 6 C core (65), similarly to the analogous 
reaction of [Fe 6 C(CO) 16 ] 2 ~ (see above) (8). In this case, however, three cobalt 
vertices are lost leaving a tricobalt fragment bearing a trigonally bound 
carbon atom. The isolated product, Co 3 (CO) 9 C • C0 2 CH 3 presumably arises 
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Fig. 32. Co 6 C(CO)7 4 ,26, as in its (CH 5 ) 4 N + salt (6 j). The Co 6 Ccore is distorted octahedron. 
One Co-Co bond [Co(l)-Co(2) = 2.916 A] is longer than the eleven others (mean 2.63 A). 
The bonds from Co( 1) and Co(2) to the carbide carbon are longer (1.93 A average) than those 
from the other cobalt atoms (1.85 A). There are six edge-bridging and eight terminal carbonyls. 


from the formation of the acylium ion [Co 3 (CO) 9 CCO] + which is known to 
react with methanol to yield the carbomethoxymethylidyne cluster (9) [Eq. 
( 21 )]. 


[Co 6 C(CO) 14 ]- C,H ’ Br ■ [Co 3 (CO),] + - [Co,(CO),CCO] + 

Co,(CO),CC0 2 CH 3 J (21) 

With both cobalt and rhodium, clusters of higher nuclearity are accessible 
from the hexanuclear anions. Condensation of [Co 6 C(CO) l5 ] 2- with 
Co 4 (CO) 12 in isopropanol at 60°C results in the isolation of [Co 8 C(CO) 18 ] 2- 
[Eq. (22)] (64). 

■PiOH.MCC 

2[Co 6 C(CO) l5 P' + Co 4 (CO) l2 -* 2[Co,C(CO) l8 p- + 6CO (22) 

The anion (Fig. 33) comprises two parallel rhombs of metal atoms at an 
interplanar distance of 2.12 A. The two layers are staggered so as to 
produce an antiprismatic geometry, which may be derived from the trigonal 
prismatic starting material by the capping of two tetragonal faces and the 
breaking of the Co-Co bond common to these two faces (shown as a dotted 
line in Fig. 33). 

In a regular antiprism the interstitial cavity provided by an edge of 2.52 A 
(mean Co-Co distance) would be larger than optimal, and so the antiprism 
is distorted from a regular geometry to allow the formation of favorable 
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Fig. 33. Co 8 C(CO)J~ as in its (PhCH 2 N(CH 3 ) 4 ) + salt (66). The eight cobalt atoms describe a 
tetragonal antiprism with Co-Co distances ranging from 2.464(4) to 2.598(4) A (mean 
2.52 A). The central carbon atom forms four shorter (1.99 A) and four longer (2.15 A) bonds to 
the cobalt atoms. 


Co-C carbide contacts with four of the cobalt atoms (mean 1.99 A) at the 
expense of the other four (mean 2.15 A) (66). 

The largest cobalt carbide clusters yet synthesized are [Co H C 2 (CO) 2 2 P~, 
27 (67), and [Co 13 C 2 (CO) 24 ] 4 - 28 (68), prepared by refluxing 

[Co 6 C(CO) 15 ] 2 “ in diglyme for 8 hr. The structure of 27, determined for its 
benzyltrimethylammonium salt, is shown in Fig. 34 (67). The Co, ,C 2 unit is 



Fig. 34. Co, ,C 2 (CO)^, 27, as in its (PhCH 2 N(CH 3 ) 3 ) + salt (6 7). The Co, ,C core comprises a 
fused tetragonal antiprism and trigonal prism, sharing one tetragonal face (see text), of which 
two opposite edges are elongated [Co(2)-Co(4) and Co(5)-Co(7), average 3.09 A], The 
remaining cobalt-cobalt bonds average 2.48 A with bridging carbonyls (eleven) and 2.60 A 
unbridged. The two encapsulated carbon atoms are 1.62 A apart, and the Co-C distances vary 
from 1.86 to 2.26 A. 
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most instructively seen as a tetragonal antiprism and trigonal prism shar¬ 
ing one tetragonal face [Co(2X4X5X7)] (two edges of which are elongated) 
and capped by one cobalt atom [Co(9>] on a second tetragonal face 
[Co(3)(4)(5)(8)] of the trigonal prism. [This description allows a comparison 
to be made with R.h, 2 C 2 (CO) 25 (see below).] The carbide carbon atoms are at 
a distance of 1.62 A from one another, slightly longer than a normal C-C 
single bond length. One resides in the antiprismatic cavity at average 
distances of 2.10 A from the four metal atoms in the unshared face and 
2.26 A from those in the shared face. The second carbon atom lies in the 
prismatic cavity, 2.13 A (av) from the four cobalt atoms in the shared face 
and 1 .86 A from the two prism edge metal atoms. The carbonyl ligands are 
divided between eleven bridging and eleven terminal, all the cobalt atoms 
accordingly being bound to three carbonyls. 

The same synthetic procedure used to produce 27 also yields paramag¬ 
netic [Co, 3 C 2 (CO) 24 ] 4 ~ 28, which was also characterized crystallographi- 
cally as its benzyltrimethylammonium salt (68). The anion (Fig. 35) con¬ 
tains a Co, 3 C 2 core which is best described as two trigonal prisms sharing one 
vertex, Co( 1), mutually rotated so that the metal atoms bonded to Co( 1) by 
an interbase edge in each prism [Co(2) and Co(3)] attains a capping position 
over a square face of the other. Two further cobalt atoms, Co(4) and Co(5), 
cap second square faces on each prism. The two carbide carbon atoms 
occupy the two prismatic cavities, well out of bonding range of each other, in 
contrast to the more recognizable C 2 unit found in 27. The carbide atoms are 
1.90-2.06(2) A from the prismatic cobalt atoms, and 2.32 A and 2.61 A 



Fig. 35. Co 13 C 2 (CO)£, 28, as in its (PhCH 2 N(CH 3 ) 3 ) + salt (68). The two encapsulated 
carbon atoms occupy trigonal prismatic cavities, which share a common vertex [Co( 1)]. The 
two prisms, which are outlined with solid lines for clarity, are rotated with respect to one 
another (see text), and two further cobalt atoms [Co(4) and Co(5)] assume capping positions. 
Average Co-Co distance = 2.57 A; average Co-C distance = 1.98 A. 
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Fig. 36. Co 6 C(CO) 12 S 2 , 29 (71). The trigonal prism of cobalt atoms is capped on its 
triangular faces by sulfur atoms. Basal Co-Co distances average 2.432 A; interbasal Co-Co 
distances average 2.669 A. Mean Co-Q,,^ = 1.94 A; mean Co-S = 2.192 A. 

from the capping cobalt atoms [Co(4) and Co(5)], and the effective radius of 
the carbon atom is 0.69 A. 

Cobalt is unique among the metals forming carbidocarbonyl clusters in 
that clusters containing both carbon and sulfur atoms are also known. Bor 
and Stanghellini have reported the isolation of S 2 Co 6 C(CO) l2 , 29 (69- 71), 
and SCo 6 C 2 (CO) 14 , 30 ( 72), from the reaction of Co 2 (CO) 8 with carbon 
disulfide. The structure of 29 is based on the trigonal prismatic core geome¬ 
try suggested for [Co 6 C(CO) 15 ] 2- (see above), with a sulfur atom capping 
each trigonal face of the Co 6 C prism (Fig. 36). No structural data are 
available for [Co 6 C(CO) 15 ] 2- , but the same order of metal-metal bond 
lengths is found for 29 as was the case for [Rh 6 C(CO) 15 ] 2- , the isostructural 
rhodium analog to the cobalt precursor. The interbasal Co-Co bonds are 
longer [2.669(2) A] than the basal sets [2.432(2) A], The carbon atom lies at 
the center of the prismatic cavity, with a mean Co-Cc^y* distance of 
1.94 ± 0.01 A, implying a covalent radius of 0.72 A for the carbide carbon 
atom (compared with 0.74 A in the prismatic cavity of [Rh 6 C(CO), 5 ] 2- ). 

The second sulfidocarbido cobalt cluster, SCo 6 C 2 (CO) 14 (72), has a much 
more open structure (Fig. 37), and may be seen as two pyramidal Co 3 C units 
joined by two metal-metal bonds and a carbon-carbon bond, with a 
capping sulfur atom over the Co 4 face. Detailed structural data have not yet 
been published. 

Like cobalt, rhodium also forms clusters of higher nuclearity by the 
oxidation of the trigonal prismatic anion [Rh 6 C(CO) 15 ] 2 -, 24. Treatment of 
aqueous K 2 Rh 6 C(CO) 15 with ferric ion yields an as yet uncharacterized 
solid, which on dissolution in methylene chloride yields a number of 
crystalline products, the nature of which depends on which reaction time 



Fig. 37. Co 6 C 2 (CO) l4 S, 30 (72). 


and the atmosphere over the solution (60). Under carbon monoxide, 
Rh 8 C(CO) 19 31, is obtained. The structure of the Rh 8 C core is derived from 
that of its trigonal prismatic precursor 24 by the addition of one rhodium 
atom capping a square face of the prism, and a second bridging atom to the 
edge of a trigonal face (Fig. 38) (73). This geometry is a marked departure 
from the close packed structures which abound in cluster chemistry. Wades 
electron counting rules are not applicable in any obvious way to 31, but the 
molecule does in fact conform to the 18-electron rule for the metal atoms as 
a whole (although not for each individual atom). 



Fig. 38. Rh 8 C(CO) 19 ,31 (73). The carbide carbon occupies a trigonal prismatic cavity as in 
24 (Fig. 29). The two additional rhodium atoms added to the Rh e C core take up a tetragonal 
capping a trigonal edge bridging position. The geometry of the cluster is irregular, and Rh- Rh 
distances range from 2.699(3) to 2.913(3) A (2.81 A mean). There are two triply bridging 
carbonyls, six edge bridging, and eleven terminal. Rh-C^^ distances in the prismatic cavity 
average 2.13 A. 



The Chemistry of Carbidocarbonyl Clusters 


41 


The size of the prismatic cavity, which contains the carbon atom, is 
similar to that in 24, giving a mean Rh -C distance of 2.127 A (cf. 2.134 A in 
30). Overall the geometry of the prism has changed slightly on adding the 
two rhodium atoms, the interbasal distances now being shorter (2.730 A 
mean) than the basal distances (2.807 A mean, excluding the Rh bridged 
edge), the opposite order to that found in 24. On dissolving in acetonitrile 31 
reverts to 24 with loss of [Rh(CO) 2 (MeCN) 2 ] + (60). 

When the oxidation of 24 is carried out under nitrogen instead of carbon 
monoxide, two larger rhodium clusters are produced. Rh l2 C 2 (CO) 25 , 32 
(74), forms slowly from solutions of the other product, [Rh, 5 C 2 (CO) 28 ] _ , 33 
(60, 75), which is unstable in solution. 

The Rh 12 C 2 core in 32 does not conform to any recognizable close packed 
array (Fig. 39) (74). The twelve rhodium atoms are arranged in three almost 
parallel layers of three, five, and four atoms, with an average separation 
between the layers of 2.2 A. The apparently irregular structure of 32 bears a 
simple relationship with that of [Co,,C 2 (CO) 22 ] 3- , 27 (see above), by the 
addition of a capping atom as shown in Fig. 40. It is noteworthy that these 
two complex but related structures are as yet the only examples known of 
carbidocarbonyl clusters containing a directly bonded interstitial C 2 unit. 
The irregular geometry of the cluster seems to be related to the presence of 
the two carbide atoms, which reside in the same irregular cavity as found for 



Fig. 39. Rh 12 C 2 (CO) 25 ,32 (74). The irregular Rh, 2 array is related to that ofCo n C 2 (CO))j, 
27 (see Figs. 34 and 40) by the addition of one capping metal atom. The C-C distance between 
the encapsulated carbon atoms is 1.48(2) A. The Rh-C distances (fourteen) fall into two 
categories: short (2.22 A average) and long (2.58 A average). Rh - Rh distances range from 2.67 
to 2.97 A (mean 2.79 A). There are fourteen terminal carbonyls, ten edge bridging, and one 
face bridging. 
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Fig. 40. The relationship between (a) Co,,C 2 (CO)jj and (b) Rh l2 C 2 (CO) 2 5 . 


27, at a C-C distance of 1.48(2) A. The C 2 unit is, in this case, shorter than 
expected for a single C-C bond, but longer than that in the C\~ ion 
(1.19-1.35 A). 

Cluster 32 forms spontaneously from solutions of the larger cluster 
[Rh 15 C 2 (CO) 28 ]~, 33, which is the largest carbidocarbonyl cluster yet iso¬ 
lated. It is prepared, as mentioned above, by the mild oxidation of 
[Rh 6 C(CO) 15 ] 2- under nitrogen, and was isolated as its hydroxonium salt 
(75). The structure of the anion is shown in Fig. 41. The geometry of the 
Rh, 5 C 2 core may be viewed as comprising two octahedra of rhodium atoms 
with a common vertex (the interstitial rhodium atom), plus four additional 



Fig. 41. Rh, s C 2 (CO)j,, 33, as in its HjO + salt (75). Bonds to the carbon atoms (shaded 
circles) and the interstitial rhodium atom are omitted. The cluster is most easily visualized as a 
tetracapped pentagonal bipyramid. Two octahedral cavities with a common vertex are pro¬ 
vided by the capped square faces and the interstitial rhodium atom. The carbon atoms, which 
are remote from one another, occupy these octahedral cavities, with Rh-C distances ranging 
from 1.93 to 2.12 A (mean 2.04 A). Rh-Rh distances range from 2.738 to 3.332 A (mean 
2.87 A). 
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metal atoms added in a plane including the common vertex but perpendicu¬ 
lar to a vector joining the centroids of the octahedra. These four atoms form 
tetrahedra by capping trigonal faces of the two octahedra, and with the new 
trigonal faces so formed, resulting in an overall geometry closely approxi¬ 
mating C 2 „. The two carbon atoms reside in the octahedral cavities, with 
Rh-C distances averaging 2.04 A. The two carbide carbon atoms are of 
course well out of bonding distance with each other. The twenty-eight 
carbonyl ligands are made up of fourteen terminal and fourteen bridging in 
a way that provides two bridges per metal atom. Cluster 33 thus provided the 
first example of a cluster containing both interstitial carbon and metal atoms. 


V 

CARBIDOCARBONYL CLUSTERS OF RHENIUM 

Pyrolysis of Et 4 N[ReH 2 (CO) 4 ] at 250°C in n-tetradecane yields a mixture 
of polynuclear products from which two carbidocarbonyl clusters of rhe¬ 
nium have been isolated. Extraction of the pyrolysis product mixture with 
tetrahydrofuran results in a residue of (Et 4 N) 3 [Re 7 C(CO) 21 ], 34 (76), and a 
solution from which may be isolated (Et 4 N) 2 [Re 8 C(CO) 24 j, 35, (77), the 
structures of which are shown in Figs. 42 and 43. Both are based on an 



Fig. 42. [Re 7 C(CO) 2l P - , 34, as in its Ph 4 P^ salt (76). The Re, core comprises a monocapped 
octahedron of rhenium atoms, with the carbide carbon in the octahedral cavity (mean Re-C = 
2.13 ± 0.02 A). The metal-metal bonds fall into several categories. Bonds from the capping 
atom to the capped face of the octahedron average 2.929 A; those on the capped face, 2.955 A; 
those between the capped face and the opposite uncapped face alternate longer (3.017 A) and 
shorter (2.977 A), and those in that uncapped face, average 3.080 A. There are three .terminal 
carbonyls on each metal atom. 




Fig. 43. [Re,C(CO) M p-, 35, as in its Et 4 N + salt (77). The Re g polyhedron comprises a 
trans-bicapped octahedron, with the carbide carbon at the center of the octahedral cavity 
(mean Re-C = 2.12 A). Re-Re bond lengths average 2.993 A within the octahedron and 
2.970 A for bonds to the capping atoms. There are three terminal carbonyls per metal atom, 
and the anion has overall D Jd symmetry. 


octahedral Re 6 C core in which the carbide carbon resides at the center of the 
octahedral cavity. Assuming a radius of 1.50 A for the rhenium atoms the 
apparent radii of the encapsulated carbon atoms in 34 and 35 are 0.62 A and 
0.63 A, respectively, similar to the values observed for other octahedrally 
coordinated carbon atoms (see Table V). The additional rhenium atoms 
occupy trigonal faces of the core, giving mono- and bicapped octahedra. The 
relative disposition of the seventh and eighth rhenium atoms in 35 is 
attributed to the requirement for each metal atom to bear three carbonyls in 
accordance with electron counting and other considerations (77). 


VI 

SPECTROSCOPIC PROPERTIES OF CARBIDE CLUSTERS 

The application of spectroscopic techniques familiar in organometallic 
chemistry to the unique features of carbidocarbonyl clusters has become 
more evident since the previous review of this field (7). Vibrational spectros¬ 
copy and 13 C NMR have yielded useful data relevant to the geometric and 
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electronic environment of the carbon atom when bonded in the unusual 
manner characteristic of partial or total encapsulation in a transition metal 
cluster. In this section emphasis will be given to those data which relate to 
the properties of the lone carbon atom. For example, the application of 
vibrational spectroscopy in the C-O stretching region of the infrared 
spectrum of a carbidocarbonyl cluster is not considered appropriate to this 
discussion, whereas the similar application to the vibrational modes involv¬ 
ing motion of the carbido carbon in its cavity will be discussed. Additional 
data can be obtained from the original literature (see Table V). 


A. Vibrational Spectroscopy 

In their original paper ( 2 ) on the structure of Fe 5 C(CO) )5 , Dahl and 
co-workers assigned two bands in the infrared spectrum of hydrocarbon 
solutions of the cluster, at 790 and 770 cm -1 , to v FeC modes. This assignment 
has been confirmed by a recent study of the infrared spectra of the series 
M 5 C(CO) 15 , (M = Fe, Ru, Os) (78). The room temperature spectra of the 
compounds (Table II) in the solid state are quite similar to each other, 
comprising three bands assigned as the a, and e modes (split in the solid 
state) expected for the C 4l> symmetry of the isostructural clusters. At low 
temperature the ruthenium and osmium clusters exhibit five absorptions 
associated with M-C stretches, whereas the iron cluster retains its room 
temperature spectrum. This is ascribed to the presence of two types of 
cluster molecule in the crystal lattices of the ruthenium and osmium clusters 
which are isostructural with, but not isomorphous with, the iron analog in 
which all the molecules are identical. 

This technique has also been applied to the products of hydrohalogena- 
tion of Ru 5 C(CO)i 5 . The three v RuC absorptions of the parent cluster at 757, 
738, and 730 cm -1 are reduced to two for HRu 5 C(CO)| 5 X at 823 and 685 
cm -1 (X = Cl) and 823 and 687 cm -1 (X = Br). These observations were 
interpreted on the basis of a rearrangement of the square pyramidal 
Ru s C(CO) 15 to a distorted bipyramidal geometry similar to that found for 
[Os 5 C(CO) 15 I]- (Fig. 12) (52). 

The vibrational frequencies of the encapsulated carbon atom in 
[Os 10 C(CO) 24 ] 2- , 21 (Fig. 26), and its protonated derivative H 2 Os 10 C(CO) 24 
have been identified by Oxton et al. (57) and the assignments confirmed by 
isotopic enrichment. The carbon atom in the tetrahedral Os, 0 dianion 
resides in an octahedral cavity, and at room temperature a band at 753 cm -1 
is observed and assigned to Vo,_ c . On protonation three absorptions of 
approximately equal intensity are observed in this region and l3 C enrich¬ 
ment of the central carbon atom identified these absorptions, at 772.8, 
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TABLE II 


Carbon Atom Vibrational Frequencies in Carbidocarbonyls 


Cluster 

v M _ c (cmr') 

Ref. 

Fe 5 C(CO)u 

770, 790 (cyclohexane) 

2 


766, 775,805 (CsBrdisc) 

78 

RujC(CO) 15 

730,738, 757 (CsBrdisc) 

78 

0 S jC(C0),j 

757, 769, 793 (CsBrdisc) 

78 

HRu s C(CO),jCl 

685, 823 

32 

HR U jC(CO)|jBr 

687. 823 

32 

[Os 10 C(CO) 24 ] 2- 

753 (Csl disc) 

57 

H 2 Os 10 C(CO) 24 

735, 760, 773 (Csl disc) 

57 

[Co 6 C(CO) I5 p- 

719, 772 (Nujol mull) 

79 

Co 6 C(CO), 2 S 2 

548, 819 (Csl disc) 

69, 71 

[Rh 6 C(CO), 5 ] 2 ~ 

653, 689 (Nujol mull) 

79 


760.3, and 735.4 cm -1 , as associated with the motion of the carbido carbon 
atom. The increase in the number of infrared active modes in 
H 2 Os,oC(CO ) 24 over the dianion is attributable to a lowering of the sym¬ 
metry of the cluster on protonation, and since the carbide carbon is in the 
octahedral cavity of the cluster (56), the osmium atoms defining this cavity 
were suggested as possible sites of protonation. 

The metal-carbide vibrational frequencies for the isostructural clusters 
[M 6 C(CO),j] 2- , (M = Co, Rh) have been assigned with the aid of l3 C label¬ 
ing by Creighton et al. (79). The a'{ and e' modes involving carbide motion 
in the trigonal prismatic M 6 cavity give rise to absorptions at 772 and 719 
cm -1 (M = Co) and 689 and 653 cm -1 (M = Rh), respectively. 

Bor and Stanghellini (69, 71) have reported the infrared spectrum of 
Co 6 IJ C(CO)i 2 S 2 , identifying bands at 790 and 535.5 cm -1 (819 and 548 
cm -1 for l2 C isotopomer) as the a'{ and e' vibrations of the carbon atom in 
the trigonal prismatic cluster. 

The values of v MCcmrtmli so far reported are contained in Table II. 


B. 13 C NMR Spectroscopy 

l3 C NMR was first utilized in the location of an interstitial carbon atom in 
a carbidocarbonyl cluster by Heaton and co-workers, in their identification 
of the 264.7 ppm resonance of [Rh 6 C(CO) l5 ] 2_ , 24 (80), as due to the 
encapsulated carbon atom. The carbide signal, enhanced by selective en¬ 
richment using 1J CC1 4 in the synthesis of the dianion, showed the central five 
lines of the septet structure (J Rh _ c = 13.7+2 Hz) expected for the trigonal 
prismatic geometry of the cluster (Fig. 29). Reaction of 24 with acid at 
— 30°C results in the protonation of one triangular face of the trigonal 
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prismatic dianion as evidenced by the splitting of the carbide resonance 
(shifted downfield to 291.2 ppm) into a quartet of quartets (81). 

For [Co 6 C(CO) )5 ] 2- , the carbide resonance is shifted downfield from that 
found in its isostructural rhodium analog to 330.5 ppm (64). 

The 13 C NMR spectrum of [Rh 6 C(CO) 13 ] 2_ shows coupling of the carbide 
carbon to the six rhodium atoms and reflects the distortion of the Rh 6 core 
from octahedral symmetry (see Fig. 31). The carbide (90% l3 C) couples to 
two sets of rhodium atoms (2Rh A , 4Rh B ) producing an unresolved multi- 
plet at 335.8 ppm (— 80°C). At this temperature, coupling to the peripheral 
carbonyls (20% l3 C) is also observed (6.5 and 11 Hz), and reflects both the 
geometric and fluxional characteristics of the carbonyl groups (82). 

The carbide resonances for several Ru 6 C clusters have been observed. For 
[Ru 6 C(CO) i6 ] 2_ , 18 , a shift of 288 ppm was reported (41). In light of the 
consistently greater shifts found for the iron carbide clusters (see below), 18 
has recently been reexamined in the author’s laboratory. The original value 
for the carbide resonance was found to be in error, and a correct value of 
458.9 ppm observed (see Table III). This shift remains virtually unchanged 


TABLE 111 


l3 C Chemical Shifts of Carbide Carbon Atoms 


Cluster 

<5crt,id. (PPm) 

Ref. 

Iron 

Fe.QCO),,- 

468.9 

11 

[HFe 4 C(CO) 12 ]-‘ 

464.2 

14 

[Fe 4 C(CO) 12 p-‘ 

478.0 

14 

Fe 4 C(CO) 10 (PMej)j« 

471.5 

14 

FesQCO),,- 

486.0 

14 

[Fe 6 C(CO) 16 p-» 

484.6 

14 

Ruthenium 

[Ru 6 C(CO) 16 p-» 

458.9 

(d) 

(MeCN) 2 Cu 2 Ru 6 C(CO) l6 c 

459.0 

50 

Cobalt 

[Co 6 C(CO) 15 p- c 

330.5 

64 

Rhodium 

[Rh 6 C CO) l5 p-» 

266.7 

78 

[HRh 6 C(CO) l5 ]-« 

291.2 

79 

[Rh 6 C(CO) l3 p-- 

335.8 

80 

Rhenium 

[Rh 8 C(CO) 24 p- 

431.3 

77 


" CD 2 C1 2 solution. 
h (CD 3 ) 2 CO solution. 

' THF-rf, solution. 

d Revised from 288 ppm reported previously in Ref. (41). 
■ -80°C. 
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on the addition of two capping vertices (CH 3 CN • Cu) to 18, producing the 
Cu 2 Ru 6 C cluster 20 (Fig. 23) in which the encapsulated carbon resonance is 
found at 458 ppm (50). The position of the corresponding resonance for 
(MeCN) 2 Cu 2 Rh 6 C(CO) I5 , the rhodium analog of 20, has not been reported. 

Several iron carbidocarbonyl clusters have been examined by 13 C NMR 
(14), and all show large shifts to low field (see Table III). There seems to be 
no correlation between charge on the molecule and S CcmMdc . In the series 
Fe 4 C(CO) 13 , [HFe 4 C(CO), 2 ] _ and [Fe 4 C(CO) l2 ] 2 ~, which are very similar in 
geometry (see Table I), the carbide resonances are found at 469.8,464.2, and 
478.0 ppm. The cause of these large shifts is not yet known, but some light 
will undoubtedly be shed on this phenomenon by molecular orbital calcula¬ 
tions, magnetic suceptibility and temperature-dependent solid-state NMR 
studies. 


VII 

GENERAL OBSERVATIONS 

On the basis of the information described above, some general observa¬ 
tions may be made about carbidocarbonyl clusters. The source of the carbon 
atom, its structural requirements, and its chemical properties are all of 
interest, as is the effect that it has on the chemistry of the cluster as a whole. 


A. The Source of the Cluster Bound Carbon Atom 

Two means have been identified by which a carbon atom may become 
incorporated into a cluster. In the case of iron and of ruthenium carbidocar- 
bonyls, the clusters are synthesized by reactions of the metal carbonyls in 
quite high boiling solvents (diglyme, di-n-butyl ether, arenes). The use of 
l3 CO-enriched Fe(CO) 5 in the synthesis of [Fe 6 C(CO) 16 ] 2_ results in the 
incorporation of an encapsulated l3 Catom into the cluster (measured by 13 C 
NMR), demonstrating that carbon monoxide was the source of the intersti¬ 
tial atom in these clusters (8). It seems probable that a reaction of CO to 
carbon and C0 2 occurs (a homogeneous analog to the Boudart reaction), 
e.g., 

6Fe(CO) s - [Fe 6 C(CO) l6 ] 2 + I2CO + C0 2 

A similar experiment using ,3 C-!abeled Ru 3 (CO), 2 in the synthesis of 
[Ru 6 C(CO)| 6 ] 2- gave identical results(<//). In the synthesis ofRu 6 C(CO), 7 by 
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pyrolysis of Ru 3 (CO)| 2 , CO z is detected during the reaction (49, 83), sug¬ 
gesting again that the disproportionation of carbon monoxide is the source 
of the carbon atom, and it seems probable that this is true for all carbidocar¬ 
bonyl clusters synthesized under similar conditions. 

In the case of rhodium, however, it was demonstrated early that in the 
synthesis of [Rh 6 C(CO), 5 ] 2 ~ the encapsulated carbon atom originated as 
chloroform, which had reacted with the rhodium carbonyl anion 
[Rh 7 (CO) 16 ] 3_ (59). In the cobalt analog, [Co 6 C(CO) 15 ] 2- , the carbon atom is 
derived indirectly from carbon tetrachloride [via Co 3 (CO) 9 CCl] (60): Both 
these syntheses are performed under mild conditions, and there are appar¬ 
ently no examples of carbidocarbonyl clusters of cobalt or rhodium pre¬ 
pared directly from the metal carbonyls under pyrolysis conditions. 


B. Structural Aspects of Cluster Bound Carbon Atoms 

As a structural unit, the carbon atom in carbidocarbonyl clusters seems 
sterically undemanding. As with the interstitial metal carbides, the carbon 
atom is found predominantly in trigonal prismatic and antiprismatic (octa¬ 
hedral) cavities (84). A prismatic array of six metal atoms provides a larger 
interstitial cavity than does an octahedral cluster with the same number of 
atoms, and in the crystallographically characterized clusters with the carbon 
atom in a trigonal prismatic cavity the effective radius of the central carbon 
atom is greater than that found in octahedral clusters (see Table IV). It is 
significant that in [Co 8 C(CO) 18 ] 2- the idealized tetragonal antiprism of eight 
cobalt atoms (mean Co-Co 2.52 A), which would provide a large intersti¬ 
tial cavity, is distorted to allow four shortened and presumably preferred 
Co-C distances of 1.99 A (av), giving a radius of 0.73 A for the carbide 
carbon (64). If we take this value as the optimum, then it is clear that in the 
trigonal prismatic clusters in Table IV, the carbon atom occupies a cavity 
close in size to its preferred value. 

In clusters with octahedrally encapsulated carbon atoms, the observed 
values for the radius of the interstitial atom are much smaller. An illuminat¬ 
ing comparison is provided by contrasting the optimum carbon radius in 
[Co 8 C(CO) 18 ] 2 - (0.74 A) with that for Co 6 C(CO)fr (0.56 A) (63), which has 
an octahedral core. Indeed all the octahedral carbido clusters have similarly 
compressed interstitial cavities (Table IV) and as has been pointed out 
previously, this fact militates against invoking minimum steric require¬ 
ments of the carbon atom to explain distortions in octahedral carbido 
clusters. 

It is also interesting in this respect to compare the geometry of the Fe 4 C 
family with that of the hexanuclear and pentanuclear homologs 
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TABLE IV 


Effective Radii of Carbide Carbon Atoms in Carbidocarbonyl Clusters 


Cluster 

Mean M-M" (A) 

Mean M-C(A) 

W 

Ref. 

[Fe 6 C(CO) 16 p- 

1. Octahedrally Coordinated Carbides 

2.68 1.89 

0.55 

7 

[Ru 6 C(CO) lt p- 

2.89 

2.05 

0.61 

40,41 

Ru 6 C(CO) 17 

2.90 

2.05 

0.60 

38 

R u 6 C(CO), 4 ( mesity lene) 

2.88 

2.04 

0.60 

39 

Ru 6 C(CO), 4 (bitropyl) 

2.91 

2.06 

0.61 

47 

Ru 6 C(CO) l5 (hexadiene) 

2.90 

2.06 

0.61 

48 

Ru 6 C(CO), 5 (PhC=CH) 

2.89 

2.04 

0.60 

45, 46 

Ru 6 C(CO), 6 (PPh 2 Et) 

2.91 

2.05 

0.61 

44 

(CH 3 CN) 2 Cu 2 Ru 6 C(CO) I6 

2.90 

2.05 

0.60 

50 

[TlRu 12 C 2 (CO), 2 r 

2.90 

2.05 

0.60 

52 

[Os 10 C(CO) 24 p- 

2.88 

2.04 

0.60 

56 

[Os 10 C(CO) 24 I]- 

2.90 

2.05 

0.61 

58 

ps 10 C(CO) 24 I 2 

2.91 

2.07 

0.61 

58 

[Co 6 C(CO), 4 ] _ 

2.66 

1.89 

0.56 

64 

[Rh 4 C(CO)u] 2_ 

2.91 

2.05 

0.60 

62 

[Rh l5 C 2 (CO) 2 ,]- 

2.87 

2.04 

0.61 

75 

2. Four- and Five-Coordinate Carbides Based on Octahedra 


Fe,C(CO)„ 

2.65 

1.90 

0.62 

2 

Fe 4 C(CO), 3 

2.62 

1.90 

0.59 

II 

[Fe 4 C(CO) 12 J 2 - 

2.62 

1.88 

0.57 

16 

[HFe 4 C(CO), 2 ]~ 

2.62 

1.89 

0.58 

17 

Ru 5 C(CO)| 5 

RujC(CO), 5 (PPhj) 

2.84 

2.04 

0.62 

29 

2.85 

2.06 

0.64 

29 

Os 5 C(CO), s 

2.87 

2.06 

0.63 

31 

Co 6 C(CO), 2 S 2 

3. Trigonal Prismatic Carbides 

2.51 1.94 

0.69 

71 

[C 0|J C 2 (CO) 24 ] 4- 

2.58 

1.98 

0.69 

68 

[Rh 6 C(CO), 5 ] 2 ~ 

2.79 

2.13 

0.74 

59 

RhgC(CO),, 

2.79 

2.13 

0.73 

73 

(CHjCN) 2 Cu 2 Rh 6 C(CO), 5 

2.78 

2.13 

0.74 

61 


“ Mean M-M bond distance between metal atoms within bonding distance of carbide. 


[Fe<jC(CO) l6 ] 2 ~, and Fe 5 C(CO) 15 . If it were the case that the octahedral 
cavity in the dianion was too small for the adequate accommodation of the 
carbon atom, it would be expected that in the more open Fe s C and Fe 4 C 
clusters some relaxation would occur allowing the carbon atom to adopt a 
less crowded position. In fact, the effective radius of the carbon atom in 
Fe 5 C(CO), 5 is 0.57 A (2), an increase of only 0.02 A from that in 
[Fe 6 C(CO) 16 ] 2- (7), and in the even more open structures of Fe 4 C(CO) 13 
(/ /), [HFe 4 C(CO) 12 ] _ (17) and [Fe 4 C(CO) l2 ] 2- (16), the average value is still 
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only 0.58 A. (These values are derived using a mean of the five Fe-Fe 
distances for Fe 4 C molecules.) 

So it would seem that the lone carbon atom in these molecules may adopt 
a number of geometries with a range of spatial requirements. It remains to 
be seen whether or not there is any correlation between the effective radius 
of the carbon atom and its chemical or spectroscopic properties. 

There are as yet no thermochemical data to support the notion that the 
carbido carbon atom imparts additional stability to the cluster that sur¬ 
rounds it, but on the basis of observations made in the course of synthetic 
studies with these compounds, it is clear that the presence of the interstitial 
atom provides additional robustness to the molecule (86). Similar assertions 
have been made for clusters with other interstitial atoms (87). 

The chemical consequences of the carbide’s presence are more easily 
recognizable. The fact that the carbon atom donates four electrons to the 
cluster without taking up any peripheral space in the coordination sphere of 
the cluster allows the accommodation of fairly large ligands on the cluster. 
Examples of this effect are found in Ru 6 C(CO) 15 (hexa-2,4-diene) and 
Ru 6 C(CO) 14 (bitropyl), in which six and seven carbon organic ligands are 
coordinated to two and three adjacent metal atoms. Furthermore, the 
presence of the carbide in a sterically innocuous position allows the assem¬ 
bly of a coordinatively saturated 86-electron Fe 6 cluster, [Fe 6 C(CO) 16 ] 2_ , 
whereas the analogous binary carbonyl [Fe 6 (CO) lg ] 2- is not known. This 
disparity is explained by the spatial requirements of the carbonyl coordina¬ 
tion sphere on the relatively small octahedral Fe 6 core (88). A similar 
observation is provided by the difference between the structures of the two 
bimetallic clusters (MeCN) 2 Cu 2 Ru 6 C(CO) 16 and (C 6 H 5 CH 3 ) 2 Cu 2 Ru 6 (CO) 18 
(SO). In both cases, the ruthenium atoms form an octahedral core. In the 
former carbide containing cluster the copper atoms occupy adjacent posi¬ 
tions on the Ru 6 core, and are directly bonded to one another, whereas in the 
noncarbide analog, the two copper atoms are situated on opposite faces of 
the Ru 6 octahedron. Again this may reflect the spatial constraints imposed 
by the presence of eighteen carbonyls in the latter case, in comparison to the 
relatively flexible carbonyl configuration allowed in the former, where the 
local perturbation caused by the presence of two adjacent heterometal 
atoms is more easily accommodated. Another example is provided by the 
geometry of the Re 8 C core of [Re 8 C(CO) 24 ] 3_ (77). 


C. Chemical Reactivity of the Carbon Atom 

This third aspect of the chemistry of carbidocarbonyl clusters is a rela¬ 
tively recently observed phenomenon. Carbon atom chemistry is found 
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predominantly in the Fe 4 C group of clusters, although increased activity in 
this area will undoubtedly uncover analogous examples with other metals. 

The reactions at the carbon atom so far observed involved the formation 
of either C-H or C-C bonds. No mechanistic data, either kinetic or 
spectroscopic, have been established for either reaction, but for the latter 
case, some reasonable speculation is possible. In reactions of Fe 4 C(CO), 3 
with alcohols, the products are of the type [Fe 4 (CO) 12 C • C0 2 R]“, and this 
suggests the intermediacy of a ketenylidene species Fe 4 (CO) 12 (C=C=0). 
As mentioned in Section II there is no direct evidence for this, but analogies 
with the reactions of H 2 Os 3 (CO) 10 CCO and [Co 3 (CO) 9 CCO] + with alcohols, 
to give H 3 Os 3 (CO) 12 C • C0 2 R (55) and Co 3 (CO) 9 CC0 2 R (9), respectively, 
provide supporting precedents. These reactions may be interpreted in terms 
of a positively charged carbon atom, by analogy with the similar reactions of 
carbonium ions with carbon monoxide and alcohols to give esters. Consist¬ 
ent with this proposal, we have observed that increasing the electron density 
on the Fe 4 C cluster by substituting trimethylphosphine for carbon monox¬ 
ide prevents the formation of the carbomethoxymethylidyne cluster [Eq. 
(23)] (14). 


Fe 4 C(CO) l3 [Fe 4 (CO) 12 C • C0 2 Me]- 
pmc-, (23) 

Fc 4 C(CO),(PMc 3 ) 4 -• no reaction 

The reversible formation of a C-H bond by protonation of 
[HFe 4 C(CO) 12 ] _ to HFe 4 (CH)(CO), 2 (15,17) is another instructive example 
of reactivity at the carbon atom. The exposed carbon atom in the anion 
proves to be a less basic site than is the methanol molecule, since the 
methylidyne cluster spontaneously deprotonates in methanol solution [Eq. 
(24)]. 

HFe 4 (CO) 12 CH + MeOH — [HFe 4 C(CO) l2 ]- + MeOHj (24) 

The reactivity of the carbon atom raises questions about its chemical 
nature: should it be regarded as cationic, neutral (carbenoid perhaps) or 
anionic, as the name carbidocarbonyl has long implied. The available 13 C 
NMR data, in which the carbide resonances are significantly to low field, 
may be interpreted in terms of a deshielded positively charged carbon atom, 
and such a suggestion has been made (80). However, the cause of the shifts 
observed for cluster bound carbon atoms is not clear and may reflect the 
predominance of paramagnetic contributions to the chemical shift rather 
than simply deshielding at a cationic center. 

More illuminating evidence on the nature of the carbon atom in this 
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Synthesis Structure and Spectroscopic Properties of Carbidocarbonyl Clusters 






Spectroscopy 


Synthesis 

Ref. 




Cluster 

Ref. 

IR 

'H NMR l3 C NMR 

Iron 





Fe 4 C(CO),j 

11, 16 

11 

11 

11 

[Fe 4 C(CO) l2 l 2_ 

14-16 

16 

15 

15 

[HFe 4 C(CO) 12 ]- 

16, 17 

17 

15,17 

15 

Fe 5 C(CO) 15 

2-4 

2 

2,3 

4 

[Fe 5 C(CO) 14 H]- 

15 




[Fe J C(CO), 4 ] 2- 
[ Fe s C(CO), 2 Br 2 ] 2 ~ 

4,5 

25 

5 


Fe 5 C(CO) 14 (PPh,) 

5 


5 

5 

Fe 3 C(CO) 14 (PMe 2 Ph) 

5 


5 

5 

FejC(CO)„(PMe 2 Ph) 2 

5 


5 

5 

Fe } C(CO) 1 j(P(OPh) 3 ) 2 

5 


5 

5 

Fe 5 C(CO), 4 (P(OCjH,),) 

5 


5 

5 

Fe 5 C(CO)„(P(OC } H 7 ),) 2 

5 


5 

5 

[Fe 4 C(CO) 16 l 2 - 

6 

7 

6 


[CrFe,C(CO) l7 ] 2 - 

4 




[MoFe 5 C(CO) l7 ] 2 - 

4 

4 



[WFe,C(CO) l7 ] 2 - 

4 




[RhFe s C(CO) 16 ]- 

4 



4 

[RhFe,C(CO) 14 (COD)]- 

4 




[lrFe 5 C(CO) 14 (COD)]- 

4 




[NiFe 5 C(CO)„(COD)] 2 - 

4 




[NiFe 5 C(CO) 15 ] 2 - 

4 




[PdFe 5 C(CO) 14 (C,H 5 )]- 

4 




(CuFe 5 C(CO) 14 (MeCN)]- 

4 




CrFe 4 C(CO), t 

4 




MoFe 4 C(CO) l6 

4 



4 

[RhFe 4 C(CO) 14 )“ 

Ruthenium 

4 

4 



RujC(CO), s 

29, 30 

29 

30 


R Uj C(CO), 4 (PPhj) 

29 

29 



[Ru 5 C(CO) 15 I]- 

29 




Ru 5 C(CO) i} 1 2 

29 




H 2 Ru 5 C(CO) 15 

29 




HRu s C(CO) I5 C1 

29,32 


32 


HRujC(CO) l} Br 

29,32 


32 


Ru 6 C(CO) 17 

36, 40, 42, 55 

38 

37 


Ru 6 C(CO), 4 (C 6 H 6 ) 

55 


55 


Ru 6 C(CO) 14 (CHjC 6 H 5 ) 

37 


37 

37 

Ru 6 C(CO) 14 ((CHj) 2 C 6 H 4 ) 

37 


37 

37 

Ru 6 C(CO) 14 ((CHj),C 6 H 3 ) 

37 

39 

37 

37 

Ru 6 C(CO) l6 (PPhj) 

44 


44 


Ru 6 C(CO) l6 (PPh 2 Et) 

44 

44 

44 


Ru 6 C(CO) 16 (P(OCH J )3) 

44 


44 

44 


(Continued) 
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Synthesis Structure and Spectroscopic Properties ofCarbidocarbon yl Clusters 


Cluster 

Synthesis 

Ref. 



Spectroscopy 

Ref 

Ref. 

IR 

‘H NMR ' 

13 C NMR 

Ru 6 C(CO) l5 (PPh 3 ) 2 

44 


44 



Ru 6 C(CO) l5 (PPh 2 Et) 2 

44 


44 



Ru 6 C(CO) 15 (P(OCH 3 )3) 2 

44 


44 

44 


Ru 6 C(CO) m (P(OCH 3 )3)3 

44 


44 

44 


Ru 6 C(CO) 13 (P(OCH 3 )3) 4 

44 


44 

44 


Ru 6 C(CO)| S (PhC=CH) 

45 

45,46 

45 



Ru 6 C(CO)| 3 (hexa-2,4-diene) 

48 

48 

44 

44 


Ru 6 C(CO)| 4 (bitropyl) 

41 

47 




HRu 6 C(CO) ls (SEt) 3 

49 

49 




[Ru 6 C(CO), 6 ] 2 - 

40,41 

40,41 

40 


40 

H 2 Ru 6 C(CO) i6 

40,41 



41 


[Ru 6 C(C0) i6 C0 2 CH 3 ]- 

40 





(CH 3 CN) 2 Ru 6 C(CO), 6 

50 

50 

50 

50 

50 

[TIRu i2 C 2 (CO) 32 ]- 

52 

52 

52 



Osmium 






Os 5 C(CO)| 5 

30,55 

31 

31 



[Os 5 C(CO) l5 I]- 

31 

31 

31 



HOs s C(COWOP(OCH 3 ) 2 ) 

34 

33 

34 

34 


HOs s C(CO), 3 (OP(OCH 3 ) 2 )( P(OCH j) 5 ) 

34 

34 

34 

34 


HOSjQCOuIOPIOCHjJOPIPIOCHjW 

34 

35 

34 

34 


Os 6 C(CO) i6 (CHjC=CCHj) 

53 

53 




H 2 Os,C(CO)„ 

54 


54 



Os 8 C(CO) 2l 

55 


55 



[OS| 0 C(CO) 24 ] J_ 

56 

56 

.Id 



H 2 Os i0 C(CO) 24 

57 


57 



[OS| 0 C(CO) 24 I) _ 

58 

58 




Os, 0 C(CO) 24 l 2 

58 

58 




Cobalt 






[Co 6 C(CO)| 5 ] 2 - 

60 

60 



60 

[Co 6 C(CO) l4 ]- 

63,64 

63, 64 

64 



1Co 8 C(CO), 8 ] 2_ 

64 

64,66 

64 



Co n C 2 (CO) 22 

67 

67 

67 



[CO| 3 C 2 (CO) 24 ] 4- 

68 

68 

68 



Co 6 C(CO) l2 S 2 

71 

71 

71 



Co 6 C 2 (CO) 14 S 


72 




Rhodium 






[Rh 6 C(CO) l5 p- 

59 

59 



76 

[Rh 6 C(CO) 13 ] 2_ 

62 

62 

62 


78 

[HRh 6 C(CO), 5 ]- 

77 


77 

77 

77 

(MeCN) 2 Cu 2 Rh 6 C(CO) 15 

61 

61 

61 



Rh 8 C(CO)„ 

60 

73 

60 



Rh, 2 C 2 (CO) 25 

74 

74 

74 



[Rh| 5 C 2 (CO) 28 ] _ 

60, 75 

75 

74 
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unique environment must await further spectroscopic and theoretical in¬ 
vestigations which are lacking for these molecules. Table V is a guide to the 
literature on carbidocarbonyl clusters. 


VIII 

ADDENDUM 

Since the completion of this review (mid-1982), the chemistry of carbido¬ 
carbonyl clusters has continued to expand rapidly. The task of the reviewer 
is made even more difficult as fascinating results continue to appear. In 
resisting the temptation to make a comprehensive update of the field, it 
would be remiss of me not to direct the reader’s attention to the continued 
investigations of Lewis, Johnson, and co-workers in the chemistry of ruthe¬ 
nium and osmium carbidocarbonyls (89), the report by Longoni and co¬ 
workers (90) of the syntheses of the first nickel carbide clusters and some 
mixed nickel-cobalt carbides, the syntheses by Shapley of a new ruthe¬ 
nium dicarbide cluster [Ru 10 C 2 (CO) 2 4 ] - (91) and of Os 6 C(CO) 17 (92), and 
the work of Shriver which implies the existence of a very reactive tri-iron 
carbide cluster (93). 
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I 

INTRODUCTION 

The rapid development of the chemistry of transition metal complexes 
containing terminal carbene (A) or carbyne (B) ligands (7) has been followed 
more recently by much research centered on bridged methylene compounds 
(C) (2). The importance of //-methylidyne complexes, whether in recently 
established binuclear examples (D), the well-known tri nuclear derivatives 
(E), or the unusual n A -tf-CH complexes (F), has also become apparent. All 
are based on one-carbon (C,) fragments, and considerable interest is cen¬ 
tered on their possible significance as models for intermediates in surface- 
catalyzed reactions between carbon monoxide and hydrogen (Fischer- 
Tropsch reactions) and related processes. These topics have been extensively 
reviewed (2). 
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Complexes containing the unsaturated carbenes vinylidene (G and H) 
and propadienylidene (allenylidene) (I and J), and their cluster-bound 
analogs, are also known, although general routes to these reactive com¬ 
pounds have been discovered only within the last five years or so. Vinyli¬ 
dene, the simplest unsaturated carbene, has never been observed experi¬ 
mentally, as it undergoes an extremely fast 1,2-hydrogen shift to give 
acetylene: 


”^c=c:-— hc=ch (1) 

Several theoretical studies have addressed the problem of the relative stabili¬ 
ties of vinylidene and acetylene, one of the most recent concluding that the 
classical barrier to Eq. (1) is 4 kcal; zero-point energy effects lower this to 2.2 
kcal (4). Tunneling through this barrier is extremely rapid: the calculated 
lifetime of vinylidene is ca. 10 - " sec, which agrees with a value of ca. 
10 -10 sec deduced from trapping experiments (5). 

Unsaturated carbenes, such as vinylidenes and cumulenylidenes, have 
been shown to be intermediates in certain organic reactions, such as a-elimi- 
nations from vinyl halides and related compounds. Initial studies were 
carried out in the 1960s, and an excellent review is available (6). As with 
many other reactive organic intermediates, it has proved possible to stabilize 
vinylidenes and cumulenylidenes as ligands in transition metal complexes, 
the first being obtained from diphenyl ketene and Fe 2 (CO) 9 in 1966 (7). This 
product contained a bridging diphenylvinylidene ligand, and a diiron com¬ 
plex containing the dicyanovinylidene group was described six years later 
(8). At about this time also, mononuclear complexes were obtained from 
reactions between tertiary phosphines or phosphites and chlorodicyano- 
vinyl molybdenum complexes (9). The intermediacy of metal-stabilized 
carbonium ions was recognized as a contributing factor in the reactions 
of certain cationic platinum(II)-alkyne complexes; in these, 1-alkynes 
were + considered to rearrange to the platinum-vinylidene moiety, 
Pt—C=CHR, but no stable complexes were isolated (70). 

Rapid development of this area followed the discovery of routes to these 
complexes, either by ready conversion of terminal alkynes to vinylidene 
complexes in reactions with manganese, rhenium, and the iron-group metal 
complexes (77 - 14) or by protonation or alkylation of some metal tr-acety- 
lides (14). Recent work has demonstrated the importance of vinylidene 
complexes in the metabolism of some chlorinated hydrocarbons (DDT) 
using iron porphyrin-based enzymes (75). Interconversions of alkyne and 
vinylidene ligands occur readily on multimetal centers. Several reactions 
involving organometallic reagents may proceed via intermediate vinylidene 
complexes. 
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The first propadienylidene complexes were reported in 1976 (76,77), and 
examples of terminal and bridging ligands of this type are now known; their 
chemistry is now beginning to be understood. This article is concerned with 
the synthesis, properties, and chemistry of transition metal complexes 
containing these unsaturated carbene ligands. 


II 

NOMENCLATURE* 

As often occurs in new and developing areas of chemistry, some confu¬ 
sion about the nomenclature of these complexes has arisen. Most workers 
have used the name “vinylidene” for the ••C=CRR' ligand depicted in G or 
H, and “allenylidene” for those in I and J. In a recent review, the terms 
“alkylidene carbene” and “vinylidene carbene,” respectively, were em¬ 
ployed, whereas yet another group refers to “vinylalkylidene” for the 
:C=CRR' ligand. Current usage refers to the ligand =CR [in Co 3 (u 3 - 
CR)(CO) 9 or Ta(CR)(Cl)(PMe 3 ) 2 (f/-C 5 Me 5 ), for example] as “alkylidyne.” 

1UPAC rules allow the term “vinylidene,” although the Chemical Ab¬ 
stracts preferred name is “ethenylidene,” whereas for ligands of type 
C=C=CR 2 , the name “propadienylidene” is probably less likely to be 
misunderstood. Systematic names based on “enylidene” or “dienylidene” 
roots can be adapted to take account of the longest carbon chain, e.g., 
C=C=CEtPh is 3-phenylpenta-1,2-dienylidene. In this review, the name 
“vinylidene” will be used for G and H and “propadienylidene” for I and J. 


Ill 

MONONUCLEAR VINYLIDENE METAL COMPLEXES 

A. Preparative Methods 

1. From Alkynes 

Terminal acetylenes (1 -alkynes) undergo a 1,2-hydrogen shift in reactions 
with many metal centers to give vinylidene complexes. These reactions may 
proceed via an intermediate tp-alkyne complex, which has been isolated or 
detected spectroscopically in some cases (77 - 14, 18-20). 

* M.I.B. is pleased to acknowledge helpful correspondence with R. Schoenfeld (CSIRO 
Editorial and Publications Section). 
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LjjMX + HC = CR- ► LbM-— III -*-L-M=C=C 

C ''R 

R 

L„M = Mn(CO) 2 (^C 5 H 5 ), RefCO^^H,), FeCI(depe)j, FeL 2 (^C s H 5 ), 
RuL 2 (^-C s H 5 ), OsL 2 (v-C 3 H,); X = solvent, CO or halide; the cyclopentadienyl 
ring may also be substituted with one or more Me groups. 


Recently, the complex RhCl(»p-HC 2 PhXPPri )2 has been found to undergo 
isomerization to HRhCl(C 2 PhXPPri )2 (by intramolecular oxidative addi¬ 
tion); with NaC 5 H 5 , the »; 2 -alkynecomplex Rh(tp-HC 2 Ph)(PPr9(^-C 5 H 5 ) is 
formed. In contrast, reaction with pyridine affords HRhCl(C 2 Ph)(py)(PPrj,) 2 
(1, 90%), and this complex gives the isomeric orange phenylvinylidene 
complex Rh(=C=CHPh)(PP^X^C 5 H 5 ) (2, 65%) on treatment with 
NaC 5 H 3 . By working at 0°C, the intermediate Rh(C 2 Ph)(py)(PPd,) 2 can be 
isolated; this reacts with cyclopentadiene to give (2) (17a). 

RhCl(»/ 2 -HC 2 Ph)(PR s ) 2 

i I py NaC.H. py^ /PRs 

1 -HRhCl(C,Ph)(py)(PR,) 2 -»- Rli 

L Ra p 

HRhCl(C,Ph)(PR,) 2 
NaC 5 H 5 



(1) PR, = PPr 2 (2) A 


Conversion of Mn[^-HC=C(C0 2 Me)](C0) 2 (>/-C 3 H 3 ) to Mn[=C= 
CH(C0 2 Me)](C0) 2 (>/-C 3 H 3 ) occurs on reaction with organolithium re¬ 
agents at low temperatures, suggesting that the hydrogen transfer is a 
base-catalyzed reaction (2/); this vinylidene complex is obtained in only 1 % 
yield in the absence of base. 

In some cases, more than one alkyne is incorporated into the vinylidene 
ligand: 

CO a Me 

, , „ HC=CCO,Me (OC) B Cr=C=C / H 

(OC) 5 Cr(OEt 2 ) - - -»- \ c=c / 

H C0 2 Me 



(Ref. 22) 
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Re(thf)(CO),(i7-C B H 5 ) 



(Ref. 19) 


Vinylidene complexes have been obtained from reactions between 
PhC=CEPh 3 (E = Si, Ge, or Sn) and manganese complexes (77, 18)\ 
solvolysis of the C-E bond is followed by transfer of a proton from the 
solvent. The yields (E = Si, 0%; Ge, 1%; Sn, 15%) are inversely proportional 
to the stability of the intermediate ff-alkyne complex. 


PhC=CEPhj C 

[Mn](th£> -—► [Mnl-*—III -[Mn]=C=CHPh + HEPh, 

EPhs 

[Mn] = Mn(CO),(i)-C B H,) 

E = Ge, Sn 


A similar reaction between RuCl(PMe 3 ) 2 (J 7 -C 5 H 5 ) and PhC=CSiMe 3 in the 
presence of AgBF 4 gives [Ru(=C=CHPhXPMe 3 ) 2 ( 7 -CjH s )] + (85%); an 
intermediate yellow coloration may indicate formation of the alkyne com¬ 
plex [Ru(>f-PhC^CSiMe 3 )(PMe 3 ) 2 (^C 5 H 5 )] + (23). 


2. From Metal Acetyl ides 

Protonation or alkylation of several ethynyl-metal derivatives gives the 
corresponding vinylidene complexes in high yield (14, 24). This is a conve¬ 
nient route to the disubstituted vinylidene complexes, as well as the parent 
compounds, which cannot be obtained from 1 -alkynes; they are formed if 
MeOS0 2 F or [R 3 0] + (R = Me, Et) is used as alkylating agent: 

+ r '* 

L„M-C=CR' + R -»- L„M—C=C 

L R ' 

Methylation of Fe(C=CH)(dppe)(7/-C 5 H 5 ) (3) affords an equimolecular 
mixture of the vinylidene (4) and dimethyl vinylidene (5) complexes, to¬ 
gether with spectroscopic amounts of the expected methylvinylidene deriva¬ 
tive (6), implying that the ethynyl complex is more basic than the propynyl 
derivative (25): 
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[Fe]—C=CH 


MeOSOjF 


[Fe]-C = CHMe 


[Fe]-C=CH 


(3) 


(6) 


[Fe]—C=CMe, ———-— [Fe]-C=CMe 

(5) (7) 

[Fe] = Fe (dppe)(T)-C 5 H,) 


(3) 


[Fe]-C=CH 2 

(4) 


The formation of Mn(=C=CMe 2 )(CO) 2 (f/-C 5 H 5 ) by reaction of the 
f/ 2 -methyl propiolate complex with LiNPri proceeds via an insoluble yellow 
anionic alkynylmanganese complex, which is protonated or methylated to 
give the vinylidene complexes (26): 


H + 


H t 

C LiNPr, I 

[Mn] —,d - ^8 0°/ "^ {[Mnl-C=C-CO a Me}' 

CO a Me Et,0 j 


MeOSOjF 


[Mn]=C=c; 


,H 

'CO,Me 


[Mn]=C=C. 


^Me 

v 'CO a Me 


(94%) 


(93%) 


If LiMe is used as the base, addition to the ester function, followed by 
elimination of acetone, affords the dianion (8), which gives the dimethylvi- 
nylidene complex (9) on treatment with methyl fluorosulfonate (27): 


[Mn] — HI 


[Mn]-C=C-C-0 


- {[Mn]-C=C}‘‘ 
(8) 


A similar sequence of reactions occurs with LiBu', although in this instance 
methylation or protonation of the intermediates formed after addition of 
either two or three equivalents of alkyllithium reagent, respectively, allow 
the corresponding acyl - or hydroxyalkyl-vinylidene complexes to be iso¬ 
lated (26): 



66 


M. I. BRUCE and A. G. SWINCER 


[Mn] • J| ! - 

C0 2 Me 


|[“"l—c-<o| 


Related to these reactions is that of Cr(CO) 6 with a dilithium alkynolate 
( 28): the intermediate acyl dianion loses CO on irradiation to give 10, which 
reacts with acetyl chloride in the presence of PPh 3 to give a low yield of 11: 


Cr(CO) 6 + LtC=CCMe,OLl - 


► (OC) 5 Cr=C^ 

-CoUv 


'c=c—c—o' 


^COMe MeCOCl , ' 

(OC),Cr = C = C^ — —- [(0C) 5 Cr-C = C-CMe 2 01 a 

CMe 2 PPn 3 

MeOCO 

(11) (10) 


Cycloaddition of CS 2 to Fe(C=CMeXdppe)(f?-C 5 H 5 ) affords the a-2H- 
thiete-2-thione complex (12), which reacts with iodomethane to give 13, 
which contains perhaps the most strongly electron-withdrawing ligand 
known (29): 

[Fe]-C = C-Me + S-C-S 
[Fe] = Fe(dppe)(T)-C 5 H 5 ) 


[Fe] Me 
C—C 

J-<L - 


3. From a-Vinyl-Metal Complexes 

Several vinylidene complexes of the group VI metals have been obtained 
by heating rr-chlorovinyl derivatives with tertiary phosphines, phosphites, 
arsines, or stibines (9, 30): 



M = Mo or W 

L = PPhj, PMe,Ph, P(OMe)„ P(OEt) s , P(OPh)„ 
AsPh,, SbPhjj L, = dppe 
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A similar reaction with PhP(CH 2 CH 2 PPh 2 ) 2 (L 3 ) afforded the cationic 
complex [Mo{C=C(CN) 2 }(L 3 X^C 5 H 5 )] + (61%). The reaction of the tung¬ 
sten analog with PPh 3 is more sluggish, and also gives WCl(CO) 2 (PPh 3 )(t/- 
C 5 H 5 ) by loss of the dicyanovinylidene ligand. The transfer of halide from 
the a-carbon to the metal is similar to that suggested to occur in the easy 
hydrolysis of the platinum(II) complex tra/i5-PtCl(CCl=CH 2 )(PMe 2 Ph) 2 , 
which is supposed to proceed via an intermediate vinylidene (3J). It is of 
some interest that the tt-chlorovinyl group in the platinum derivative is 
already distorted to allow transfer of the chlorine atom, with a long C-Cl 
bond and the chlorine displaced toward the metal. 

4. From Carbene or Carbyne Complexes 

Iron(II) porphyrins react readily with haloalkanes in the presence of 
reducing agents, e.g., excess iron powder, to give chlorocarbene complexes 
(75, 32). With the insecticide DDT [2,2-bis(4-chlorophenyl)-1,1,1 -trichloro- 
ethane, (C1C 6 H 4 ) 2 CHCC1 3 ], the reaction proceeds one step further, by elimi¬ 
nation of HC1 from the carbene complex, to give diarylvinylidene com¬ 
plexes (33): 


Fe(por)+CljCCH(C 6 H 4 CI) 2 —(por)Fe(CCICH(C 6 H 4 CI) 2 ] 
por=tpp, ttp, tap. oep, ppix, dpdnie J-nci 

(por)Fe[C=C(C 6 H 4 Cl) 2 J 

Deprotonation of some molybdenum-carbyne complexes affords vinyli¬ 
dene derivatives; suitable reagents are aryldiazonium salts, trifluoroiodo- 
methane (34), or M-butyllithium (J5): 



L = P(OMe), 

Reagents: (i) ArN a + ; (ii) CF,I; (iii) LiBu. 
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In the latter case, the red anionic vinylidene complex is formed at — 78°C; 
quenching with D 2 0 gives a 1:1 mixture of the mono- and dideuterocar- 
byne complexes, as a result of a primary kinetic isotope effect by which the 
anion selectively abstracts a proton from the monodeuterocarbyne complex 
before quenching is complete. Similar observations were made in the 
tungsten series (J5). 

The reaction between Li[HBEt 3 ] and [Os{C(tol)}(CO)(L)(PPh 3 ) 2 ] + [ 14 ; 
L = CO or CN(tol)] gives 15, formed by attack of hydride on the vinylidene 
resonance hybrid of 14 (36): 

[° 8 l +=C -^0)- Me ---r08j=C=<^^Me H ► [Os1=C=<^y* 

(14) (15) 

[Os] = Os(CO)(L)(PPh,) a , L = CO or CN(tol) 


5. From Acyl Complexes 

Treatment of some iron-acyl complexes with trifluoromethanesul- 
phonic anhydride (Tf z O) affords vinylidene derivatives directly (3 7, 38). The 
reaction is envisaged as a nucleophilic attack on Tf 2 0 by the acyl, followed 
by deprotonation to the vinyl ether complex. A combination of an excellent 
leaving group (TfO - ) with a good electron-releasing substituent on the same 
carbon atom facilitates the subsequent formation of the vinylidene: 



[Fe] + =C=CR, —-1 


Cationic vinylidene complexes can be considered to be metal-stabilized 
vinyl cations; in purely organic chemistry, vinyl cations can be obtained by 
dissociation of the super leaving group, TfO - , from the esters obtained from 
enolate anions and Tf 2 0. 
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The acylate anion from Mn(CO) 3 (j/-C 5 H 5 ) and LiMe reacts similarly; 
reaction with l,8-bis(dimethylamino)naphthalene (proton sponge) affords 
the vinylidene, although in this reaction, it is the binuclear complex which is 
isolated as the final product (38): 


LiMe , ^OLi + TfjO 

[Mn]-CO -— [Mn]-C^ - 


proton 

sponge 


/\ - 

[Mn]—[Mn] 


[[Mn]=C=CH a J 


B. Reactions 

The electron distribution in the vinylidene ligand, which results in a high 
electron deficiency on the a-carbon, but with considerable electron density 
on the /?-carbon (see Section VII,A), renders this ligand subject to nucleo¬ 
philic attack on the former, and electrophilic attack on the latter. 


1. Nucleophilic Addition to the a-Carbon 

Those vinylidene complexes which are not readily deprotonated by bases 
undergo attack at the a-carbon by anions such as H - , MeO - , NH 2 to give 
vinyl derivatives 

[Fe(=C=CMe 2 )(dppeK»K , ,H J )r — Fe(CH=CMe 2 Kdppe)(^C 5 H ! ) 

(Ref. 25) 

Mn[=C=CH(C0 2 Me)](C0)j(^ B - 

CjHj) -* [Mn{CB=CH(C0 2 Me)}(C0) 2 (^C s H 3 )]- 

B = MeO, NH 2 
1H + 

[Mn]=CBCH 2 (C0 2 Me) (Ref. 26) 

In the case of the anionic manganese complexes, subsequent protonation 
affords the neutral alkylcarbene complexes. Intramolecular addition of 
deprotonated dppe to the a-carbon occurs on reaction of 
[Fe(=C=CMe 2 )(dppe)(/ 7 -C 5 H 5 )] + with base [NaN(SiMe 3 ) 2 or KOH in tet- 
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rahydrofuran] to give 16 (39): 


[Fe( = C=CMe a ) 2 (dppe)(t)-C 5 H 5 )] + 



Ph-.p"'^ ^CH 
• \ P > P / 
Fe—C 




Alkoxy(alkyl)carbene complexes are formed more or less rapidly from 
alcohols and cationic vinylidene complexes (14, 40-43): 


R'O-H + [M]=C=C^ 


- [M]=C 


[M] = Mn(CO) a (t)-C 5 H 5 ), [Fe(CO)(L)(t)-C B H 8 )] + , [RuL 3 (tj-C 5 H 5 )1 + 


The addition follows the expected direction to give conventional Fischer- 
type carbene complexes. Some qualitative experiments have shown that the 
observed variation in reactivity results from a combination of steric and 
electronic factors. Bulky ligands protect the a-carbon from attack, and the 
rates of formation of the alkoxycarbene complexes are inversely propor¬ 
tional to the cone angle of L in Ru(LXPPh 3 X>hCsH 5 ): CO (cone angle ca. 
95°) - CNBu' (ca. 95°) > P(OMe) 3 (107°) > PMe 3 (118°) - PPh 3 (145°). 
Broad agreement of reactivity is also found with Tolman’s electronic factors 
(44), which would predict an order of reactivity 


CO > P(OMe)j > CNBu' > PPh, > PMe 3 

An increase in the electron-withdrawing power of the vinylidene substi¬ 
tuent, C—CHR, would be expected to increase the reaction rate, as is found 
with the series: 

R - COjMe > Ph > Me 

On the other hand, the f-butylvinylidene complex was unchanged after 
24 hr in refluxing methanol, suggesting that the bulky CMe 3 group exerts a 
predominantly steric control over the reaction. A limited range of analogous 
complexes were available for comparison within the Fe-Ru-Os triad. 
Whereas the reaction of [Fe(=C=CHPh)(CO)(PPh 3 )(r/-C 5 H 5 )] + with 
methanol is fast (43), [Fe(=C=CHMe)(dppe)(r/-C 5 H 5 )] + does not react 
(24, 25)* nor do any of the osmium complexes that were investigated. As 
the alcohol is changed, the reactivity decreases 


MeOH > EtOH > Pr'OH 


* Reinvestigation of the chemistry of the iron complexes has shown that reactions with 
alcohols or water are extremely fast (S. G. Davies, private communication, 1983). 
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It is noteworthy that the methylplatinum(II)-vinylidene intermediates 
are four-coordinate square-planar complexes, with essentially no hindrance 
to attack from above or below the square-plane. Only alkoxycarbene com¬ 
plexes have ever been isolated from the reactions in alcohol solvents (10). 

Rapid intramolecular addition of the alcohol function to a supposed 
intermediate vinylidene complex occurs in reactions of HC=C(CH 2 )„OH 
with metal halide complexes (45): the cyclic carbene complexes (7 7) are 
isolated instead: 



[M] = [Ru(PPh 3 )j(T)-C 8 H s )] + ; « = 2,3 < 17 > 


The conventional vinylidene complex could be isolated when the hydroxyl 
group was protected as the tetrahydropyranyl ether derivative; reaction of 
this with acid immediately gave the cyclic carbene complex, even under 
mild conditions. The reaction is related to the formation of similar 
nickel(II)- and platinum(IV)-carbene complexes from the m-hydroxyal- 
kyne in the presence of silverfl) ion (46, 47): 

N( = C«ll,),OH I-1 

m///.s-NiCI(C 6 CI 5 )( PMe 2 Ph) 2 --‘I//w?.v-Ni(C 6 CI 5 ){C(CH 2 ) 3 0}(PMe 2 Ph) 2 ] + 

PllMe 2 (CFjXPMe 2 Ph) 2 H< (PlMe 2 (CFj)[C<CH 2 ),6](PMe 2 Pli) 2 )+ 

The iron complexes [Fe(=C=CRR , )(dppeXt 7 -C 5 H 5 )] + (R = R' = H, 
Me; R = H, R' = Me) and [Fe(=C=CMe 2 )(PMe 3 ) 2 (^C 5 H 5 )] + are inert to 
alcohols and water (39).* In contrast, the a-carbon in (Fe(=C=CH 2 )(CO) 
(PPh 3 )(f 7 -C 5 Hj)] + is attacked by a range of nucleophiles (Scheme 1) (43). 
Water affords the acetyl complex (18), probably via a hydroxy(methyl)car- 
bene intermediate; some alcohols give alkoxy(methyl)carbene complexes 
(19), with the hydroxylic proton adding to the /?-carbon as shown by labeling 
studies. f-Butanol does not react. Hydrogen sulfide and methanethiol react 
to give methyl(thio)carbene derivatives (20), the former being deprotonated 
to the unstable thioacyl Fe(CSMe)(CO)(PPh 3 )(f 7 -C 5 H 5 ). According to their 
basicity, amines add to give aminocarbene complexes, or deprotonate the 
vinylidene to Fe(C=CH)(CO)(PPh 3 )(ij-C 5 H 5 ) ( 21 ). Thus, benzylamine 
(pX a 9.33) gives 22 , whereas methylamine (pX a 10.66) and dimethylamine 
(pX a 10.77) give 23 and 24 , respectively, accompanied by about 10% 21 . In 
the absence of solvent, the stronger base NMe 3 (pX a 9.81) gives only 21 . Dry 


See footnote on facing page. 
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[Fe'l = Fe(CO)(PPh s )0?-C„H 5 ) [Fe'l-C^ 

Scheme 1. Some reactions of [Fe(=C=CH 2 XCOXPPh,Kt?-C s H 5 )] + (43). 


HC1 also adds to the a-carbon to give the chloro(methyl)carbene complex 
(25), which is rapidly hydrolyzed to the acetyl derivative (18). 

The reaction of tertiary phosphines with alkyne complexes to give a-me- 
tallated vinylphosphonium derivatives has been taken to indicate the inter¬ 
mediacy of vinylidene complexes (48): 


H 

c 


CO a Me 


PPhj 

20-40 73 hr’ 
pentane 


[Mn] 

,C=CH(CO.Me) 

PhjP 

(85%) 


However, substitution of CO by tertiary phosphine or phosphite occurs in 
similar reactions of Mn(=C=CHPhXCO) 2 (>F-C 5 H 5 ) (18): 



R = Ph, OEt, OPh 
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Addition of PPh 3 to [Fe(=C=CH 2 XCO)(PPh 3 )(^C 5 H 5 )] + proceeds in 
dichloromethane to give [Fe[C(PPh 3 )=CH 2 ](CO)(PPh 3 )(»/-C 5 H J )][BF 4 ], 
which was structurally characterized (38). Similar adducts were obtained 
with PMe 2 Ph, pyridine, and 4-methylpyridine. 

Reaction of ethylvinyl ether (ethoxyethylene) to [Fe(=C=CH 2 )(CO) 
(PPh 3 )(»/-CjH 5 )] + affords the ethoxy(methyl)carbene complex (26) with 
elimination of acetylene (43): 


Et-0-CH=CH a 
[Fe'] = C=CH 2 



[Fe'l—cC 


OEt 

Me 


HCHCH 


Addition of hydride (using Na[HB(OMe) 3 ] in thf) to [Fe(=C=CMe 2 ) 
(CO)(PPh 3 )(^-CjHj)] + gives a 4:1 ratio of Fe(CH=CMe 2 )(CO)(PPh 3 ) 
(tl- C S H S ) and HFe(CO)(PPh 3 )(//-C 5 H 5 ) (25). 


2. Deprotonation 

Cationic vinylidene complexes bearing a ^-hydrogen are readily depro- 
tonated to give the corresponding neutral a-acetylide complexes: 

[M] + =C=CHR ^ [M]-C=CR + H+ 

The base used may be hydroxide, alkoxide, carbonate, alkyl lithium, or 
alumina (13, 20, 24, 41, 49). The reaction is the reverse of the vinylidene 
synthesis by protonation of the a-acetylide, and the two complexes form a 
simple acid-base system. For the iron complexes in Eq. (2), the p K„ has 
been measured at 7.78 (in 2:1 thf-H 2 0) (24). 

[Fe]-C=CMe + H + ^ [Fe] + =C=C" H (2) 

^Me 


3. Addition to the fl-Carbon 

Carbyne complexes are formed by reaction of D 2 0 with 26, in a reversal of 
the deprotonation reaction used to form it (35): 



(26) R = H, D 
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4. Protonation 

Addition of HC1 to the osmium-vinylidene complex (15, L = CO) gave 
the 4-methylbenzyl complex Os(CH 2 C 6 H 4 Me-/?)(CO) 2 (PPh 3 ) 2 (36). 


5. Ligand-Exchange Reactions 

Several simple ligand-exchange reactions of CO for PR 3 (R = Ph, OEt, 
OPh) have been reported for Mn(C=CHPh)(CO) 2 (f 7 -C 5 H 5 ) (18, 50). In 
contrast the cationic complexes [Ru(C=CHR)(PPh 3 ) 2 (rf-C 5 H 5 )] + are stable 
toward such exchanges, although the complexes can be obtained readily by 
ligand exchange on the corresponding acetylides, followed by protonation of 
the latter to give the vinylidene complexes (42). 


6. Miscellaneous Reactions 

The complex [Fe(=C=CH 2 )(CO)(PPh 3 )(? 7 -C 5 H 5 )][BF 4 ] is soluble in 
dichloromethane or chloroform without change, solutions in thf rapidly 
afford the binuclear complex (28) which exists as a 3:1 ratio of the meso and 
R,R:S,S isomers (43). The analogous PCy 3 complex is obtained as the pure 
R.R.S.S isomer. The formation of (28) occurs via partial deprotonation to 
the ethynyl complex, followed by cycloaddition of this to the remaining 
vinylidene complex. Confirmation of this route is provided by the synthesis 
of 28 by addition of half an equivalent of HBF 4 OEt 2 to the ethynyl 
complex. Either a stepwise (A) or concerted [ir 2 , + n 2 a ] (B) intermediate may 
be involved: 



Similar cyclobutenylidene complexes (29; R = H) have been obtained by 
addition of strong acids (HC10 4 or HBF 4 in acetic anhydride or dichloro¬ 
methane) to Fe(C=CPh)(CO) 2 (f 7 -C 5 H 5 ); in the presence of PPh 3 the vinyl- 
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phosphonium complex [Fe{C(PPh 3 )=CHPh}(CO) 2 (f/-C 5 H 5 )] + is formed 
(13, 51). The methyl derivative (29; R = Me) was obtained from the reac¬ 
tion with MeOS0 2 F. 



(29) (30) 

Further reaction of (29; R = H) with triethylamine has given the mono¬ 
nuclear cyclobutenone complex (30) (52). Complexes of this type can also 
be obtained by cycloaddition of ketenes to the rr-acetylide (53): 


[M]— c=c— R' + r,c=c=o 



[M] = Ni(PPh 3 )())-C 5 H 5 ), FetCOMLXrj-CjHj) 


One of the most interesting reactions of cationic vinylidene complexes is 
that with dioxygen, which affords the carbonyl cation and the corresponding 
aldehyde (41): 


I CHjCl, 

[Ru(=C=FCHR)(PPhj)jO^CjH } )] + 2; . c ■ [Ru(COKPPh 3 ) 2 (^C 5 H 3 )] + + 0=CHPh 

O^o 


This reaction is a formal dismutation of the multiply bonded components, 
but no detailed mechanism has been elucidated. 


IV 

BINUCLEAR VINYLIDENE COMPLEXES 

A. Preparative Methods 


1. From Mononuclear Complexes 

Several complexes containing /*-C=CHR ligands have been obtained 
directly from 1-alkynes and two equivalents (or excess) of an appropriate 
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precursor (//, 18, 54-59): 



[Mn]—[Mn] 


L = CO or thf 

R = H, Me, Ph, COjMe, COPh 
[Mn] = MntCOjHjj-CjH,) 

These reactions undoubtedly proceed via the mononuclear complexes de¬ 
scribed in Section III, and, accordingly, reactions of the latter with metal 
complexes afford the binuclear products. Mixed-metal derivatives can also 
be obtained by this route (18, 26): 


[Mn|=C=C^ H + Re(CO) s (r)-C 5 H 8 ) 


The mononuclear complexes can also be converted into the binuclear 
analogs by heating, e.g., with Mn(=C=CHPh)(CO) 2 (t/-C 5 H 5 ) (18), or by 
reaction with ethanolic KOH solution, e.g., Re(=C=CHPh)(CO) 2 (t/- 
C5H5) (19). 

Reactions of mononuclear vinylidene complexes with other reactive 
metal complexes to give binuclear //-vinylidene complexes have been de¬ 
scribed above. Addition of Fe 2 (CO) 9 to Mn(C=CHPh)(CO) 2 (t/-C 5 H 5 ) also 
gives 31, by addition of a CO group to the a-carbon; structural data are 
consistent with the delocalized formulation (31b), with its obvious resem¬ 
blances to trimethylenemethane (60): 


Mn / 

<OC), V\ 

// C - 

o 

(a) 


2. From Diphenylketene 

Irradiation of mixtures of Ph 2 C=C=0 and iron carbonyls afforded 32, 
the first vinylidene complex to be characterized (7): 


/ 1 1 
O' Fe 
(CO) 3 

(b) 



[Mn] [Re] 
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Ph, 

Ph' 


-O 


(OC),Fe———Fe(CO) 4 


(32) 


3. From Alkynes 

The reaction between acetylene and Rh(CO)(^-C 2 H 4 )(^ 5 -C 9 H 7 ) [which 
acts as a source of the Rh(CO)(// 5 -C,H 7 ) fragment] affords 33 in 50% yield 
(61). The reaction is supposed to proceed via oxidative addition of the 
alkyne to the rhodium fragment, followed by isomerization to the vinyli¬ 
dene complex which then interacts with a second rhodium fragment: 



[Rh] = Rhfo'-indenyl) (33) 


Reactions between halogenoalkynes and the lactone complexes (34) af¬ 
ford a series of binuclear orange-red//-vinylidene derivatives (35) (62): 


:xr 


:xr 


R 1 = H, Pr”, Bu”, C 5 H u , Ph; 

R 2 = Bu” R 3 = Cl, Br, I; 

R 2 = Ph, R s = Br; R* = R 3 = Br, I 


The formation of these compounds is unusual in that it involves 1,2-migra¬ 
tion of the halogen atom. 



78 


M. I. BRUCE and A. G. SWINCER 


4. From 1,1-Dichloroolefins 

The reaction of C1 2 C=C(CN) 2 with the highly nucleophilic anionic metal 
carbonyl [Fe(CO) 2 (^-C 5 H 5 )] _ affords cis and trans isomers of 36 separable by 
column chromatography (8, 63). These red complexes are analogs of 
[Fe(CO) 2 (t/-C 5 H 5 )] 2 , although in the latter case, facile interconversion of 
isomers occurs at room temperature. A further difference is that the Fe-Fe 
bond in 36 resists cleavage with iodine to give a mononuclear product such 



cis (36) trans 


as FeI(CO)[C=C(CN) 2 ](j/-C 5 H 5 ), even under vigorous reaction conditions. 

Less nucleophilic anions react with C1 2 C=C(CN) 2 to give chlorodicya- 
novinyl derivatives, such as Mo[CCI=C(CN) 2 ](CO) 3 (7/-C 5 H 5 ). 

5. From 1,1-Dichlorocyclopropanes 

Under normal phase-transfer conditions [NaOH-H 2 0 (50:50), thf, 
(NBu 4 )HS0 4 ], reactions of [Fe(CO) 2 (^-C 5 H 5 )] 2 with substituted 1,1-dichlo- 
rocyclopropanes afford a variety of cis- and /ra/w-alkylvinylidene complexes 
(37) (64). 



r R' R" _ 

H H Ph 
H Ph Ph 
H Me tol 
H Me />-MeOC 6 H, 
Me Me Ph 
Me Me tol 



R 




(37) 



Vinylidene and Allenylidene Complexes 


79 


The trans form isomerizes on heating: for R = Ph, the half-life is ca. 5 hr at 
80°C, the equilibrium constant of ca. 20 favoring the cis form. The reaction 
is general for 2-arylcyclopropanes which also have hydrogen attached to 
C(2); l,l-dichloro-2-methyl-2-phenylcyclopropane does not react. In the 
formation of 37, none of the C=CR(CH 2 Ph) isomer is obtained, showing 
that it is the C(l)-C(3) bond that is cleaved. The initial step is base-pro¬ 
moted elimination of HC1 from the dichlorocyclopropane to give the cyclo- 
propene; these compounds also react with [Fe(CO) 2 (?/-C 5 H 5 )] 2 to give the 
bridged vinylidene complexes under these conditions. 


6. From Other Binuclear Complexes by Modification 
of Bridging Ligands 

Nucleophilic attack by methyllithium on the p-CO group in 38 or 39, 
followed by acidification, affords the /i-vinylidene complexes 40 and 41, 
respectively (65, 66): 



(38) M = Fe, X = CO (40) M = Fe, X = CO 

(39) M = Ru, X = CMe, (41) M = Ru, X = CMe, 


The reaction is assumed to proceed by addition of methyl to the bridging 
carbon atom to give an acylate anion. Protonation, followed by loss of water 
from the resulting hydroxycarbene complex, gives the neutral vinylidene 
complexes (Scheme 2). Further protonation affords a cationic /i-methylcar- 
byne complex, which was first described from the successive reactions 
between [Fe(CO) 2 (i/-C 5 H 5 )] 2 and methyllithium and tetrafluoroboric acid 
(67); in the synthesis of 40, the weaker trifluoroacetic acid is used in the 
protonation step. The ruthenium complex [Ru 2 (//-CMe)(//-CMe 2 )(CO) 2 (?/- 
C 5 H 5 ) 2 ]+ is deprotonated on shaking with a water-dichloromethane mix¬ 
ture to give yellow 41. An alternative route is by thermolysis of 42 in 
refluxing toluene; the latter complex is formed from [Ru(CO) 2 (i/-C 5 H 5 )] 2 
and acetylene (65). Complex 43 is formed as a mixture of the cis and trans 
isomers, which can be separated by chromatography, but slowly intercon¬ 
vert in solution- Labeling studies with the phenyl-substituted complexes 
show that the rearrangement of 42 to 43 is an intramolecular process: 
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Scheme 2. Synthesis of i 


CH, 

i-vinylidene complex. 
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Complex 44 has been detected by mass spectrometry among the products 
of the reaction between [Fe(CO) 2 (^-C 5 H 5 )] 2 and Ph 3 P=CH 2 , being formed 
by a Wittig reaction on the /t-CO groups (69): 



(44) 


B. Reactions 

Electrophilic attack on /i-vinylidene complexes can occur either on the 
methylene carbon, or at the metal-metal bond. With the manganese 
complexes (45, R = H or Me), protonation affords the/i-carbyne complexes 
(46), which in the case of R = Me, exist in the stereoisomeric forms shown 
(57). Interconversion of the two forms is slow at room temperature: 



[Mn]—[Mn] 
(45) 



Quantitative transfer of a //-hydrogen occurs on mixing (45, R = H) and 
(46, R = Me) to give (45, R = Me) and (46, R = H): there is no equilibrium 
set up showing the higher acidity of the /(-hydrogen of the /t-ethylcarbyne 
complex. 

Similar reactions are found with the iron and ruthenium complexes in 
which the metal-metal bonds are also bridged by/i-CO or/i-CMe 2 groups 
(65, 66, 68): 



M = Fe, X = CO 
X = Ru, X = CO or CMe, 
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Reaction of the [m-Ru 2 (/i-CMe)(/i-COXCO) 2 (^-C 5 H 5 ) 2 ] + cation with so¬ 
dium borohydride gives the/i-methylcarbene complex c/i-Ru 2 0i-CHMe)(/i- 
CO)(CO) 2 (f/-C 5 H 5 ) 2 (68). 

In contrast, addition of HBF 4 -OEt 2 to the dirhodium complex (33) 
affords the n-rftf -vinyl complex (47), probably via initial attack on the 
Rh - Rh bond (61): 


/\ - 

[Rh] [Rh] 


/ C \ 

[Rhl [Rh] 


H ’c-< 

- - 

[Rh]-[Rh] 


[Rh] = Rh(CO)fa'-lndenyl) 



Nucleophilic attack on 45 (R = H) by four equivalents of Li[HBEt 3 ], 
followed by addition of iodomethane, affords the /i-allene complex (48) in a 
reaction which involves reduction of a coordinated CO and linkage to the 
vinylidene within the coordination sphere (57, 70): 



[Mn]—[Mn] 
(45) 



The binuclear /r-vinylidene complex (40) reacts with H 3 Mn 3 (CO) l2 or 
Fe 2 (CO) 9 to give the /i 3 -ethylidyne complexes Fe 2 Mn(/z 3 -CMe)(/z- 
CO) 3 (CO) 3 (fj-C 5 H 5 ) 2 and Fe 3 (/r 3 -CMe)(/r 3 -CO) 2 (CO) 6 (> 7 -C 5 H 5 ), respectively; 
the former is formally obtained by addition of HMn(CO) 4 to the Fe 2 (/i- 
C=CH 2 ) moiety (70a). 


V 

PROPADIENYLIDENE (ALLENYLIDENE) COMPLEXES 


A. Preparation 

The first complexes to be described (16) were obtained from Fischer-type 
carbene complexes by successive reactions with a Lewis acid and a weak 
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base, which in this case was the solvent tetrahydrofuran: 


(OC),M—C, Ph ^ EX * 

K t—C (ii) thf 
H NEt, 


(OC),M=C=C=C 


/Ph 

^NEt, 


M = Cr, EX, = BF, 
M = W, EX, = AlEt, 


A general route to complexes containing propadienylidene ligands is by 
loss of water or alcohols from suitable carbene or vinylidene precursors, or 
of oxo or alkoxy functions from ynolate anions. The latter are generally 
obtained from reactions of alkyne complexes containing an ester group, for 
example, methyl propiolate. Vinylidene complexes containing hydroxy 
groups on the y-carbon can be readily converted to the propadienylidene 
derivative. These reactions are promoted by base, or by use of COCl 2 or 
CSC1 2 : 


i C=C: H , ] (PMe,) a (7?-C 5 H 5 ) — 

\ v C(OH)Ph, / 


- [Ru(=C=C=CPh,)(PMe,),(t?-C 5 H 5 )] 

(Ref. 71) 


Attempts to prepare the dimethyl analog from HC=CCMe 2 (OH) led 
instead to the binuclear vinylidene-carbene complex (49) (72): 


[Ru]=C=C. 


(49) 


[Ruj 


[Ru] = [Ru(PPh,) 2 (77-C s H 5 )] 


The complex Mn[=C=CHC(OH)Bu 2 '](CO) 2 (?/-C 5 H 5 ) dehydrates in 
the mass spectrometer to give the parent ion of the corresponding propa¬ 
dienylidene complex, [Mn(=C=C=CBu 2 ')(CO) 2 (C 5 H 5 )] + (26). 

The acylynolate anion (50) can be decarbonylated on irradiation, and 
subsequent deoxygenation (formal loss of O 2- ) affords the propadienylidene 
complex (22). In some cases, this is not isolable or spontaneously polymer¬ 
izes, but its intermediacy can be inferred from products obtained when the 
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reaction is run in the presence of PPh 3 : 


M 

hv 

r 

[M]-C-C=C-C c O 

R 

-CO " 

F 

i 

u 

III - 

<J 

g 


-co, 

-2 Cl" 


[M]=C=C=CR, 


[M]~C=C=CPr < - 

+ PPhj 

[M] = Cr(CO)„ W(CO) 5 ; R = Pr‘, Bu* 

The anionic complexes (50) are obtained from the group VI carbonyl and 
the dilithium derivatives of the hydroxyalkynes HC=CCR 2 (OH); subse¬ 
quent protonation or acylation affords propadienylidene (51) or carbene 
(52) complexes by complex cyclization and addition reactions (Scheme 3) 
(28). Attempts to obtain the dimethyl complex by reaction of the chromium 
alkynolate dianion with COCl 2 gave only polymeric material. More stable 
complexes were obtained with R = aryl (73). 

An alternative route to the dianionic ynolato complex is from propiolic 
ester complexes and excess organolithium reagents (21, 26, 27): 


[Mn] -HI 

CO,Me 


LiNPrj 


, LiR r . *o' 

► {[Mnr-C=C-CO,Me} -— [Mn]-C=C -< r 


R = Bu , Cy, CH,Ph, Ph 


[Mn]=C=C=CR, 


» 

^R 

- [Mn]-C = C-C-0" 
R 


If methyllithium is used, only polymeric products result in the final step; 
neutralization with MeOSO z F affords the dimethylvinylidene complex 
(Section III,A,2). 

The oxapropatrienylidene complex (54) was obtained from [CrI(CO) 5 ] _ 
and AgC=CCO z Na in the presence of AgBF 4 , probably via the ^-alkyne 
intermediate (53) (17): 

+ Ag 

[(OC),CrI]" + AgC^CCO.Na ^ — (OC) 8 Cr— ffl —- SC !l — (OC),Cr=C=C=C-0 

CO,Na 

(53) 


(54) 



LiC=c/oLi 

M(CO) e t (OC) = M x \ c c _ c c / R o 

hv / R . 

_m _p-p_p_o 

U x r L1 

= Cr, W ^ - Q / C C - C C \ R ° 

(50) 



M = 

R = Me EC1 M _ 

Cr, E = Ac la . 

W, E = H la' COC1 * 

o 

(oc) 5 m=c=c=c^ | 

X CMe 
M = Cr X 

-OB' (OC) = M x \ 

-«- C-rC=C-CMe 

•c ^ 

\ M = W 

R 

(oc) 5 m=c=c=c 

S R 

M = W/ \ 

W(CO), / hv \ A 

+ lb 

\ + HCl 

^ >Me s 
(OC) B Cr=C = C=C x 

^ Cl 

(oc) 5 w=c=c=c( 

R 'C' R R c' R 

S . -C.R, i! 

(OC)sC \\ O /° 

C—CHC-CMe, 
MeOCOj 

HO 7 

| 

8 

!> 

o 

o 

H 

0=0 o= 

V 

o 

Q, 

,C Cr(CO). 

//° 

(OC) 5 Cr 

(51) 

,oc, ' w= 0^ 1 

(52) 

Scheme 3 

ii 

R ^R 

* R=ph - 
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Binuclear manganese complexes (55) have been obtained from their 
mononuclear analogs, either by heating in an inert atmosphere, or by 
treating them with Mn(OEt 2 )(CO) 2 (t/-C 5 H 5 ) (74): 


[Mn]=C=C=CR, + (Et,0)[Mn] 


R = Bu ( , CH,Ph, Ph, Cy 

These reactions are analogous to those observed for the corresponding 
vinylidene complexes; the second propadienylidene group is lost, presum¬ 
ably as R 2 C=(C=C) 2 =CR 2 ; only in one instance has this hydrocarbon 
been detected in the thermal decomposition of a mononuclear complex 
(77). The tendency for the propadienylidene residue to bridge two metal 
atoms is so great that the binuclear complexes are often formed in reactions 
designed to generate the mononuclear derivatives (73). 



[Mn]-[Mn] 

(55) 


B. Reactions 


The reactivity of allenylidene complexes is rationalized by consideration 
of the nature of the HOMO and LUMO of the M=C=C=C fragment 
( 75). Nucleophilic reagents can be ordered according to whether they add to 
C(l) or C(3): 


tendency to attack C(l) 
MeO' Me,N’ Bu*S* PPh, PEt, 
tendency to attack C(3) 



-H- PR 3 


—|-j— OMe 


Highly electronegative donor bases (methoxide, etc.) have low-lying lone 
pairs and can interact with the HOMO, whereas tertiary phosphines have 
high-lying donor orbitals which interact directly with the LUMO. 

In accord with these conclusions, anionic reagents such as methoxide or 
amide add to C(l), and afford vinylcarbene complexes after protonation: 


[Mn]=C=C=CPh a + B" 
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Reactions of tertiary phosphines afford zwitterionic phosphonium salts by 
addition to C(3): 

^Ph 

[Mn]=C=C=CPh, + PR,-[Mnl—C=C-C c Ph 


The /-butylthiolate anion exhibits ambident behavior, giving both types of 
product, complexes 56 and 57: 


fMnl=c' 


H 

,C=CPh 2 

SBu* 


[Mnl=C=C' 


,H 

'C(SBu')Ph 2 


(56) 


(57) 


In the reactions of group VI allenylidene complexes, however, tertiary 
phosphines add to C( 1) to give yellow 58, which was structurally character¬ 
ized (22): 

.CPr* 

(OC) 6 M=C=C=CPr I ' + PPh,-— (OC).M'— 

PPhs 

(58) 

Addition of /-butyllithium, followed by neutralization with HC1 or 
methyl fluorosulfonate, affords vinylidene complexes (59) by addition of the 
Bu' residue to C(3): 


[Mn]=C=C=CR, 


LiBu* 


R R' E 

a. Ph Bu* H 

b. Bu* H H 

c. Ph Bu* Me 


{[Mnl—C=C —CRjBu*}' - 


{[Mn]-C=C-CR,H}' 


While the diphenyl complex affords 59a and 59c, the di-/-butyl derivative 
undergoes loss of 3-methylbut-l-ene from the intermediate alkynyl complex 
to give 59b after protonation (76). 


VI 

SOME CHEMISTRY OF VINYLIDENE COMPLEXES 


The majority of the chemistry of vinylidene and propadienylidene com¬ 
plexes is concerned with their synthesis and reactions, which have been 
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described in Sections III—V. Some individual complexes have received 
more attention, however, and these results are summarized in this section. 


A. Chromium, Molybdenum, and Tungsten 

Although no simple vinylidene complex was obtained from reactions 
between Cr(CO) 5 (OEt 2 ) and methyl propiolate, complexes 60, 61, and 62 
were formed in the ratio 4:5:1 (22); the latter two each contain two 
molecules of the alkyne, and may be formed from an intermediate 
Cr[=C=CH(C0 2 Me)](CO) 5 complex (22). 

H 

(OC) 5 Cr— III 

C 

COjMe 

(60) 



In nonpolar solvents, 62 changes from red to violet, suggesting formation of 
the tautomer 62b: 


COjMe 

(OC) 5 Cr=C=C^ 


OMe 



A low yield of Cr[=C=C(COMe)CMe 2 (OCOMe)](CO )5 was obtained 
from the reaction of [Cr(C=CMe 2 0)(C0) 5 ] 2 ~ with acetyl chloride in the 
presence of triphenylphosphine (28). 

Protonation of W(C=CPh)(CO) 3 (^-C 5 H 5 ) does not afford a vinylidene 
complex, the cationic 63 being obtained^ instead (77, 78). However, in the 
presence of triphenylphosphine, [W{C(PPh 3 )=CHPh}(CO) 3 (r/-C 5 H 5 )]BF 4 
is formed, suggesting the inital formation of a vinylidene derivative ( 79). If 
the reaction is carried out in the presence of diphenylacetylene, [W(CO)(?/ 2 - 
HC 2 Ph)(f/ 2 -C 2 Ph 2 )(f/-C 5 H 5 )]BF 4 is obtained in 83% yield. Similar molybde¬ 
num complexes have also been described. In this reaction, it is suggested that 
the usual rearrangement of a coordinated 1-alkyne to the analogous vinyli¬ 
dene is reversed, i.e., protonation of the acetylide moiety to the phenylvi- 
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nylidene ligand is followed by isomerisation to the f/ 2 -HC 2 Ph complex 
(Scheme 4). 


B. Manganese and Rhenium 

Reactions between Mn(CO) 3 (^-C s H 5 ) and l-alkynes with electron-with- 
drawing substituents, such as C0 2 Me and COPh, generally stop with forma¬ 
tion of the ?/ 2 -alkyne complex. Further reaction with base, typically an 
organolithium compound, affords the vinylidene complex in up to 50% 
yield, but care must be taken to avoid reaction of excess LiR with the ester or 
acyl group (27, 59). Unstable Mn(|/ 2 -HC 2 Ph)(CO) 2 (f/-C 5 H 5 ) reacts with 
aqueous methanolic K.OH to give light-red Mn 2 (C l6 H l0 )(CO) 4 (^-C } H } ) 2 , 
which may contain a divinylidene ligand :C=CPhCPh=C: (75); the 
rhenium analog forms a ^‘^^^-diphenylbutadienylidene complex (79). 
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C. Iron 


1. The Chemistry of Alkyne-Fe(CO)fr\-C 5 Hf) Complexes 

The cationic complex [Fe(^-HC 2 Me)(CO) 2 (7/-C 5 H 5 )] + has been reported 
from the protonation (HPFg) of Fe(CH=C=CH 2 )(CO) 2 (^-C 5 H 5 ) (80). It is 
described as very air sensitive, and reacts with water rapidly to give a 2:1 
mixture of Fe(CH 2 COMe)(CO) 2 (»?-C 5 H 5 ) and Fe(COEt)(CO) 2 (f/-C 5 H 5 ). The 
same products were obtained from the allenyl complex and ethanolic 
HC1, although only the propionyl complex was obtained from 
Fe(C=CMe)(CO) 2 (^-C 5 H 5 ), while aqueous HC10 4 or HBF 4 afforded 
[Fe(CO) 3 (>/-C 5 H 5 )] + (81). Similar reactions occur with Fe(C=CPh)(CO) 2 (f/- 
C 5 H 5 ) either aqueous HC1 (82) or HBF 4 -OMe 2 in methanol (13) giving 
the phenylacetyl complex Fe{COCH 2 Ph)(CO) 2 (^C 5 H 5 ), and between 
aqueous HBF 4 and Fe(C=CPh)(CO)(PPh 3 )(^-C 5 H 5 ) to give 
Fe(COCH 2 Ph)(CO)(PPh 3 )(^-C5H 5 )(7i). 

These reactions have been interpreted as proceeding via attack on an 
intermediate vinylidene complex [Fe(=C=CHR)(CO) 2 (^-C 5 H 5 )] + , which 
with water gives the hydroxycarbene complex [Fe(C(OH)CH 2 R}(CO) 2 (?/- 
C 5 H 5 )] + (Section II I, B, 1). As already described, the methoxy(benzyl)carbene 
complex can be obtained from the phenylacetylide, and an unstable phenyl- 
vinylidene complex was formed with the triphenylphosphine-substituted 
complex. Further information on these reactions came from reactions of 
1-alkynes, HC=CR, with [Fe(^-CH 2 =CMe 2 )(CO) 2 (>?-C 5 H 5 )] + , from 
which cation the isobutylene is readily displaced. In ethanol/dichlorometh- 
ane mixtures, the ethoxycarbene complexes [Fe{C(OEt)R)(CO) 2 (f/-C 5 H 5 )] + 
were obtained. Phenylacetylene gave a low yield of 2-phenylnaphthalene in 
a reaction described as “mildly catalytic” in the isobutylene complex; 
labeling experiments excluded a pathway involving the phenylvinylidene 
complex. Methyl propiolate afforded a mixture of lactones by trans addition 
of isobutylene to [Fe(^ 2 -HC=CC0 2 Me)(C0) 2 (/7-C 5 H 5 )] + , and in ethanol 
the formation of /ra«5-CH(0Et)=CH(C0 2 Me) is catalyzed by the isobuty¬ 
lene complex. These products appear to be derived from reactions of the 
rf -alkyne complexes which are competitive with their rearrangements to 
vinylidene complexes and subsequent reactions (83). 

This is further indicated in the reactions of 3-butyn-l-ol with [Fe(tj 2 - 
CH 2 =CMe 2 )(CO) 2 (7/-C 5 H5)] + , which afford a mixture of dihydrofuran 
complex (64) and the oxacyclopentylidene complex (65) (84). The forma¬ 
tion of these two derivatives involves a common ^-alkyne intermediate, 
which either forms 64 directly by internal nucleophilic attack of the oxygen 
on the complexed C=C triple bond, or rearranges to the vinylidene. This 
forms 65 by a similar attack of the hydroxy group on the a-carbon, followed 
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by hydrogen transfer. The proposed mechanisms are supported by deutera- 
tion studies: 


R 



Fp = Fe(CO),(t?-C 5 H 5 ) (65) 

The reaction with 4-pentyn-l-ol gave only [Fe{t/ 2 -CH 2 =C(CH 2 ) 3 6} 
(CO) 2 (^-C 5 H 5 )] + , and 3-hexyn-l-ol afforded (64, R = Et) (54); no evidence 
for the participation of the vinylidene tautomers was found. With ruthe¬ 
nium (45) and platinum (47) complexes, on the other hand, rearrangement 
to the vinylidene is faster than internal attack on the rf 2 - alkyne, and only the 
cyclic carbene complex is formed. 


2. Iron-Porphyrin Complexes 

Vitamin B, 2 is the only authenticated example of a naturally occurring 
organotransition metal complex. The observation of a change in the spec¬ 
trum of a porphyrin bound to an undecapeptide derived from cytochrome c 
after reaction with DDT [l,l-bis(4-chlorophenyl)-3,3,3-trichloroethane, 
CCl 3 CH(C 6 H 4 Cl-p) 2 ] in the presence of excess sodium dithionite (85) has 
been linked to the intriguing chemistry of iron - diaryl vinylidene complexes 
uncovered by Mansuy and co-workers (75), suggesting that new organoiron 
complexes from natural sources may await characterization. 

The “active oxygen”-cytochrome P Ai0 complex is a powerful oxidizing 
agent towards almost any organic compound, including alkanes, and the 
central iron-porphyrin complex has been depicted as 

(porph)Fe IV —o- or (porph)Fe v =0 

In reduced cytochrome T^o, the iron(II) is electron-rich by virtue of the 
porphyrin ring and the endogenous thiolate, and can reduce a variety of 
organic substrates, including nitroarenes, amine oxides, and halomethanes 
(15). The metabolism of CC1 4 or CF 3 CHClBr (“halothane” anesthetic) 
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X Fe^ ) + CCljCHjAr), — - - r ’ 20 f N >e=CClCH(Ar) i! 

V FeP0Wd6r V 


Cl-Fe=C=CAr, 


' \ / \ 

/ Fe \S CAr2 


/V 


r v 
L > =cj 


N v N—v 

0 f " 

(67) '* (68) 

Scheme 5. Synthesis and reactions ofiron-porphyrin vinylidene complexes. 


proceeds via the formation of iron-carbene complexes containing CC1 2 or 
CH(CF 3 ) ligands. Studies of model compounds produced in reactions be¬ 
tween reduced iron porphyrins and CC1 4 afforded complexes such as 
[(tpp)FeCCl 2 ],' but with DDT in the presence of excess iron powder as a 
reducing agent the purple vinylidene complex (66) was obtained in 50% 
yield via loss of HC1 from the intermediate chlorocarbene complex (Scheme 
5) ( 33 ). This complex is remarkably stable to oxygen (compared with the 
dichlorocarbene complex, which has a half-life of 4 hr), and can be purified 
by normal column chromatographic orTLC methods. Similar compounds 
were obtained with other iron porphyrin systems containing ttp, tap, oep, 
dpdme, or ppix. 1 Several ligands (MeOH, pyridine, yV-methylimidazole) can 
be bound in the trans site, although excess pyridine slowly reacts to give 
Fe(py) 2 (tpp). The electronic spectra are analogous to those of the oxygen 
complexes mentioned above, which are probably present in catalase and 
horseradish peroxidase. 

1 tpp = tetraphenylporphyrin; ttp = tetra-p-tolylporphyrin; tap = tetra-p-anisylporphyrin; 
oep = octaethylporphyrin; dpdme = deuteroporphyrin IX dimethyl ester, ppix = protopor¬ 
phyrin IX (all dianions). 
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Chemical oxidation [Cl 2 , Br 2 , CuCl 2 , FeCl 3 or Fe(C10 4 ) 3 ] results in 
formation of the chloro complex (67), in which the vinylidene ligand has 
inserted into an Fe-N bond; complex 66 is regenerated by reaction with 
iron powder or sodium dithionite, whereas on heating, FeCl(tpp) and the 
alkyne C 2 (C 6 H 4 Cl-4) 2 are formed (86). Confirmation of this unusual struc¬ 
ture was obtained from the 'H and l3 C NMR spectra (87), and by two 
independent X-ray studies (87, 87a), and a similarity with reactions of 
cobalt porphyrins had been noted (88). Excess oxidant affords the deep 
green iron-free porphyrin ligand (68) in which the vinylidene bridges two 
nitrogen atoms; addition of trifluoroacetic acid to 67 affords to correspond¬ 
ing jV-vinylporphyrin (89). It is of some interest that (67) is the first example 
of an iron(lll) porphyrin complex found to be in a “pure” intermediate 
5 = \ spin state (90). 

Electrochemical studies of the reversible reduction of 66 have been 
interpreted in terms of a two-step mechanism: 


(tpp)Fe n =C=CAr 4 [(tpp)Fe n =C=CAr 2 ]' ^ ~~ [(tpp)Fe n =C=CAr,]' 

(lifetime ca 1 sec) 



f(tpp)Fe nl (CH=CAr 2 )] ~ [(tpp)Fe nl (CH=CAr a )l' 

corresponding to a (2e + H + )-reduction of the vinylidene to a rr-alkyliron(Il) 
complex, which can be reoxidized to a <r-alkyliron(lIl) derivative (91). 


D. Reactions Thought to Proceed via Vinylidene Intermediates 

The isolation of stable vinylidene complexes and elucidation of many of 
their reactions have given substance to speculations concerning their inter¬ 
mediacy in many reactions. Indeed, the reactions of many alkynes with a 
series of platinum(ll) complexes were explained several years ago by consid¬ 
ering the formation of metal-stabilized carbonium ions as nonisolable 
intermediates (10). Summarized below are several reactions that may rea¬ 
sonably be assumed to proceed via vinylidene complexes. 


1 . Synthesis of o-Acelylide Complexes 

Several metal complexes are known to react with 1-alkynes in the pres¬ 
ence of base to give moderate to high yields of the corresponding rr-acetylide. 
In many cases, similar reactions of main group acetylide reagents, e.g., 
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lithium or magnesium derivatives, do not proceed so efficiently. The inter¬ 
mediate formation of a vinylidene complex which is rapidly deprotonated 
by the base allows one interpretation of this result: 


-► [M1-C=C-R 

[M] = NiR'(PMe,Ph), (46,92,93), Ni(NCS)(PR' 9 ) 2 (94), PdX(PEt 3 ) 3 (95), 
PtCl(PMe,Ph), (96), Rh(CO)(PR' 3 ) 2 (97), Ir(CO),PPh 3 ), (98) 


[MIX, 




:).f 


stepwise 

[M] = Ni(PR' 3 ) 2 (94, 99), Pd(PEt 3 ), (100), Pt(PR' s ), (96,101 ). 


[M]-(C=C-R) 2 


2. Reactions of o-Acetylide Complexes 

a. Protonation. The protonation of several er-acetylides in the presence 
of triphenylphosphine to give vinylphosphonium complexes has been de¬ 
scribed already. Addition of acetic acid to Fe(CH=C=CH 2 )(CO) 2 (t/-C 5 H 5 ) 
may proceed by initial protonation to give the methylvinylidene cation, 
followed by attack of the a-carbon by acetate to give 
Fe[C(0 Ac)= CHMe](CO) 2 (fj-C S H S ) ( 81 ). 

b. Formation of Alkoxy(alkyl)carbene Complexes. Extensive studies 
(10, 31, 102) of the reactions of platinum complexes with 1-alkynes in 
alcoholic solvents, of platinum acetylides in alcohols, or of the alcoholysis of 
a-chlorovinyl-platinum complexes, all of which afford alkoxy(alkyl)car- 
bene complexes, are consistent with the intermediate formation of cationic 
platinum-vinylidene complexes. Addition of anhydrous HC1 to trans- 
Pt(C==CH) 2 (PMe 2 Ph) 2 affords acetylene and /ranj-PtCl(C=CH)(L) 2 via 
a-chlorovinyl complexes, and a stepwise addition-elimination sequence 
(Scheme 6) also involving the cationic platinum-vinylidene complexes has 
been proposed (31). It is of interest that the heterolytic cleavage of the C-Cl 
bond in 69 is apparently facilitated by the unusually large separation 
[ 1.809(6) A] of the carbon and chlorine atoms. Oxidative addition of HC1 to 
the acetylide to give a platinum(lV) complex is followed by elimination of 
acetylene to generate the chloroplatinum(II) compound. 

Further support for the presence of these intermediates is given by the 
finding that H/D exchange of /ra/?s-Pt(C=CR) 2 (PMe 2 Ph) 2 (R = H or D) 
with MeOD proceeds only in the presence of weak acids; protonation of the 
ethynyl group results in exchange because of the greater acidity of the 
vinylidene proton. 
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[Ptl-Cl 

hc.'rX 


[Ptf=C = C 


^OMe 

[Pt]-c 

^CHR 




[Pt] = trans- Pt(R')(L) 2 

Scheme 6. Reaction of platinum(II) acetylides with HX. 

Several other carbene complexes have been isolated from similar reac¬ 
tions, or from metal halides and 1-alkynes in the presence of alcohols and 
strong acids (HC10 4 , HBF„, HPF 6 ): 


[M]-C 


CHjR J 


[M] C=C R 

[M] = trans - M (C 6 C1 5 ) (PM e 2 Ph) 2 (M = Ni, Pd, Pt) ( 46,92,103) 
vi HC = CR 

PdjXiLj R , QH 

X = Cl, Br, I; L = PMe 2 Ph, PEt,; R = Me, 
f HC=CBu* 


«s-PdX,L[C(OR')CHjR] 

Ph; R' = Me, Et, Pr 
[PtCl J {C(OPr < )CH 2 Bu f }] j 


HjPtCl^ - 6 HjO ' 


Pr'OH 

l HC ^ aM V PtCl,{C(OPrOMe} 

1 Pr'OH 2 


trans-PtCl(C=CFc)(PMe 2 Ph) 2 trans-PtCl{C(OMe)CH 2 Fc}(PMe 2 Ph) 2 ] + (ref. 106) 

The last example suggests that the platinum-vinylidene intermediate is 
more stable than the corresponding ferrocenyl-stabilized carbonium ion. 


3. Miscellaneous Reactions 

Cycloaddition of dicyclohexylcarbodiimide to an intermediate 



M. I. BRUCE and A. G. SWINCER 


Cr(C=CH 2 )(CO) 5 complex is suggested ( 107) as a possible route for the 
formation of 70 from Cr[C(OH)Me](CO) 5 : 


fcr]=c; 


-OH CyN=C=NCy 
'Me 


H 2 

c 

[Crl^C 7 " \=NCy 
Cy 
(70) 

fCr) = Cr(CO) 8 


NHCy 

o-c 

[Cr]=C^ NCy 
Me 


[Cr]=C=CH, 

CyN=C=NCy 


Mechanistic studies (108) have suggested that the formation of the binu- 
clear complex (71) on acidification of the product of the reaction between 
methyllithium and W(CO) s [C(OEt)Me] proceeds via the intermediate for¬ 
mation of dimethylcarbene- and vinylidene-tungsten complexes. These 
then cycloadd and rearrange as shown: 


^Me LiMe 


(OC) s W=c; 


CcH, H + 


^Et 


►(OC) 5 W=C^CH 2 

^Me / 

I (OC) B W —C —Me-► (OC) 5 W=CMe 2 

&>Et 


(71) 
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VII 

BONDING AND STRUCTURE IN MONONUCLEAR 
AND BINUCLEAR VINYLIDENE COMPLEXES 

A. Bonding 

In principle, free vinylidenes may have structures K, L, or M, where K and 

/C =C<H) f=C<D 

(K) (L) (M) 

L are singlet states, the latter having two unpaired but spin-paired electrons; 
form M is a triplet with the two unpaired electrons having parallel spins. In 
contrast with CH 2 , which has a triplet ground state, theoretical calculations 
and experimental results are both consistent with a singlet ground state for 
H 2 C=C:. Propadienylidene, H 2 C=C=C:, is considered to be a hybrid; 


- > ; esc' 

0 V® C ’0 

the nature of the substituents and environment, e.g., solvent, influencing the 
relative contribution from each form. The ground state is a singlet. 

In their metal complexes, bonding of either species to the metal atom is 
via a ligand -*• metal a donor bond and a metal -*• ligand n bond, enabling 
back donation of electron density to the n* orbitals of the C-C multiple 
bond system to take place. Vinylidene is one of the best 7t-acceptors known, 
and is exceeded only by S0 2 and CS in this respect; the relationship between 
phenylvinylidene and other common ligands has been determined (18) 
from the CO force constants exhibited by a series of Mn(CO) 2 (^-C 5 H 5 ) 
complexes, which increase in this order: 

PPh 3 < CPh 2 < PhC=CPh < PFj < CO < AsF 3 < C=CHPh < CS < S0 2 

The extreme electron deficiency of the metal-bonded carbon atom is shown 
by the very low field ,3 C chemical shifts (ca. 300-450 ppm), and the short 
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M -C bond lengths testify to efficient backbonding resulting in a bond order 
of between 2 and 3. This back-donation is stronger with phosphine-substi¬ 
tuted complexes. 

Calculations of orbital interactions of CH 2 , C=CH 2 and C=C=CH 2 
ligands with Mn(CO) 2 (f/-C 5 H 5 ), Fe(CO) 2 (f/-C 5 H 5 ) + , and Fe(PH 3 ) 2 (r/-C 5 H 5 ) + 
moieties {109,110) show that the preferred orientation of the carbene ligand 
will result in optimal interaction of the empty carbon p orbital with the a " 
orbital of the ML 2 (t/-C 5 H 5 ) fragment: 



P 


Since this p orbital is constrained to lie in the same plane as the substituents 
on the /?-carbon atom, these will thus be in the symmetry plane of the 
ML 2 (f?-C 5 H 5 ) fragment. Introduction of further carbon atoms will result in 
successive 90° twists: 



Barrier to rotation in Fe(CO) 2 (»?-C B H,) complex: 

6.2 3.6 2.7 kcal mol' 1 

Calculated barriers to rotation are shown for the iron complexes; for 
Mn(==C=C=CH 2 )(CO) 2 (t/-C 5 H 5 ) the calculated barrier is 3.2 kcal mol 1 , 
which is consistent with the NMR results for the di-/-butyl complex (7 7,27), 
in which both substituents are magnetically equivalent, probably as a result 
of free rotation about the Mn-C bond. 

In the complexes for which calculations have been performed (110), the 
HOMO is between 25 and 30% localized on C fi , whereas the LUMO, which 
is rc-antibonding between C a and the metal, is 50-60% localized on C a . The 
calculations also indicate that C fi is the most negative ligand atom in the iron 
complexes; this is consistent with the observed addition to HC1 to 
[Fe(=C=CH 2 )(CO)(PPh 3 Xr?-C 5 H 5 )] + to give [Fe(CClMe)(CO)(PPh 3 )(f/- 
C 5 H 5 )] + . Electrophilic attack on neutral complexes is largely controlled by 
charge distribution, and addition to C fi usually occurs; however, addition of 
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electrophiles (H + , Me + ) to cationic complexes has not been described so far. 
Generally it is found that nucleophiles add to C a , and this process is 
frontier-orbital controlled, the addend donating electron density, e.g., from 
the lone pair HOMO, to the LUMO, breaking the M-C n bond (110). 
Similar arguments have been advanced to account for the regioselectivity of 
nucleophilic attack on manganese-propadienylidene complexes. Bases 
which have high-lying donor orbitals on polarizable atoms, e.g., PR 3 or 
SBu', attack the y-carbon, whereas bases with more electronegative donor 
atoms, such as OMe - and NMej, add to the a-carbon (75). 


B. Structure 

Tables I and II summarize the structural studies of mononuclear and 
binuclear vinylidene complexes, and Table III those of propadienylidene 
complexes which had been reported to mid-1982. As can be seen, the C=C 
bond lengths range from 1.29 to 1.38 A, and the M-C bond (1.7-2.0 A) is 
considerably shorter than those found in alkyl or simple carbene complexes. 
Both observations are consistent with the theoretical picture outlined above, 
and in particular, the short M-C bonds confirm the efficient transfer of 
electron density to the n* orbitals. In mononuclear complexes, the 
M—C=C system ranges from strictly linear to appreciably bent, e.g., 167° 
in MoCl[C=C(CN) 2 ][P(OMe 3 ) 2 ] 2 (f 7 -C 5 H 5 ); these variations have been attri¬ 
buted to electronic rather than steric factors. In the molybdenum complex 
cited, the vinylidene ligand bends towards the cyclopentadienyl ring (111). 

The major orbital interactions of the /t-vinylidene ligand in binuclear 
complexes are with (i) an unperturbed n xy orbital of the Rh 2 fragment, (ii) a 
bonding linear combination of the Rh 2 n xy and C p orbitals, and (iii) a 
bonding linear combination of the Rh 2 a orbitals. The small rotation 
(0° - 14°) which is often found between the CR 2 and the CM 2 planes serves 
to optimize these orbital overlaps. 

The pattern of C=C bond lengths in propadienylidene complexes is a 
short C(l)-C(2) bond (ca. 1.25 A) and a normal C(2)-C(3) bond (ca. 
1.37 A). 


C. Spectroscopic Properties 

All known vinylidene and propadienylidene complexes are listed in 
Tables IV-VII, together with some salient physical properties. In their IR 
spectra, v(CC) generally occurs between 1590 and 1660 cm -1 ; in their 
Raman spectra, strong v(CC) bands are found at 1590 and 1594 cm -1 for 



TABLE I 


Mononuclear Vinylidene Complexes: Some Structural Parameters ' 1 


L„M 

L n M=C J = 

R R' 

^ a so 

1 

o 

C 1 —C 2 

m— o—c 2 

Reference 

MoCI[P(OMe)j]j(^ 5 H 5 ) 

CN CN 

1.833(6) 

1.378(8) 

166.6(4) 

141 

Mn(CO)j(/7-C 5 H 5 ) 

H Ph 

1.68(2) 

1.34(3) 

174(2) 

142 

Mn(CO) 2 (i^,H 4 Me) 

Me Me 

1.79(2) 

1.33(2) 

176(2) 

76 

Re(CO) 2 (^ 5 H 5 ) 

Ph (fp-CPh=CH 2 )- 

RetCO^^Hs) 

1.90(2) 

1.33(3) 

179(3) 

19 

[Fe(dppeX»fC5H 5 )] + 1" 

Me CSjMe 

1.74(2) 

1.31(2) 

176(1) 

29 

[Ru(PMe 3 ) 2 (//-C 5 H 5 )] + (PF S ] _ 

H Me 

1.845(7) 

1.313(10) 

180(2) 

49 

[Ru(PPh 3 ) 2 (/K^jH j )) + [PF 6 ]“ 

Me Me 

1.88 

1.29 

168.1 

143 

Os(CO) 2 (PPh3) 2 

II 

0 

f a 

1.90(1) 

1.33(1) 

169(3) 

36 


Distances are in angstroms, angles in degrees. 



TABLE II 

Mononuclear Propadienylidene Complexes: Some Structural Parameters 0 


ML„ 

R 

R' 

l b m=c 1 

M—C 1 

/ R 

—C J —C 3 

X R' 

a—a 

a— a 

M—O—C? 

o— a— a 

Reference 

Cr(CO) 5 

Ph 

NMe 2 

2.015(15) 

1.236(22) 

1.372(21) 



16 

Cr(CO) 5 

>0 

& 

1.913(7) 

1.26(1) 

1.359(9) 

173.4(6) 

174.3(7) 

28 


/ 

S( 

Cr(CO) 5 







Mn(CO) 2 (>;-C5H 4 Me) 

Cy 

Cy 

1.806(6) 

1.252(8) 

1.342(8) 

177.9(5) 

175.1(6) 

75 

[Ru(PMe 3 ) 2 (»/-C 3 H 5 )] + [PF 6 ]- 

Ph 

Ph 

1.884(5) 

1.255(8) 

1.329(9) 

175.9(5) 

175.1(7) 

71 


0 Distances are in angstroms, angles in degrees. 



TABLE III 


BlNUCLEAR VlNYLlDENE AND PROPAD1ENYLIDENE COMPLEXES: SOME STRUCTURAL PARAMETERS" 





ML, R 


ML, 

R 






/IX / 


/|\ 

/ 









c*=c 3 






\l/ \ 


\l/ 

\ 






“L, R 


MLn 

R 






(A) 


(B) 


Torsion 


[ML„] 2 

X 

R 

R' M—C 

o —a 

M—M 

M—C—M 

angle* 

Reference 

(A) Vinvlidene complexes 









[Mn(CO) 2 (^C s H 5 )] 2 


H 

H 1.979(7), 

1.308(10) 

2.759(2) 

88.6(3) 

11 

56 




1.971(6) 






[Mn(CO) 2 (^-C 5 H 5 )] 2 

— 

H 

Ph 1.94(1), 

1.35(2) 

2.734(2) 

88.0(5) 

7 

144 




1.99(1) 






Mn(CO) 2 (^C 5 H s ) | 
Fe(CO) 4 | 

- 

H 

1.95(2) 
C°2 M e , 94(2) 

1.30(2) 

2.703(4) 

88.1(7) 

7 

139 

[Fe(CO) 4 ] 2 

— 

Ph 

Ph 1.98(1), 

1.33(1) 

2.635(3) 

83(1) 

13.9 

7 




1.98(1) 









Cis-l FefCOXtT-CsHjIL 

CO 

Ph 

CH 2 Ph 

1.936(2), 

1.944(2) 

1.326(3) 

2.5104(5) 

80.6(1) 

24.8 

14S 

c»-[Fe(COXiK , sHs)] 2 f 

CO 

CN 

CN 

1-84(2), 

1.90(2) 

1.38(3) 

2.511(4) 

84(2) 

0.3 

146 

m-[Ru(COX»K' 5 H 5 )] 2 

CO 

H 

H 

2.025(7), 

2.033(7) 

1.325(11) 

2.695(1) 

83.2(3) 


68 

[Co(CO)j] 2 

H„C 5 o 

1 

I 

1.89. 

1.32 

2.38 



62 


H 



1.91 
















[Rh(COX»/ s -C,H 7 )] 2 

- 

H 

H 

1.982(3), 

1.988(3) 

1.304(5) 

2.691(1) 

85.4(1) 

7 

61 

(B) Propadienylidene 










complex 

[W(CO) 5 ]/ 

- 

Ph 

Ph 

2.21(5), 

2.23(4) 

1.28(4) 

3.16(6) 

91(1) 

8.13 

73 


“ Distances are in angstroms, angles in degrees. 
h Angle between M—C'—M and CRR' planes. 
f Average values for 2 molecules in asymmetric unit; C 2 -C J 1.33(4) A. 
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TABLE IV 


ML„ 

R 

L„M=C‘=C> 

R' 

R 

R' 

Color 

Cr(CO) 5 

COMe 

CMe 2 (OCOMe) 


Cr(CO) 5 

C0 2 Me 

CH=CH(C0 2 Me) 

Orange-red 

MoCl(PPh 3 ) 2 (»/-C 5 H 5 ) 

CN 

CN 

Red-orange 

MoCl(PMe 2 Ph) 2 (f;-C 3 H,) 

CN 

CN 

Orange-yellow 

MoCl[P(OMe) 3 ] 2 (r;-C 5 H 5 ) 

CN 

CN 

Orange-yellow 

MoCl[P(OEt)j] 2 (^C 5 H 5 ) 

CN 

CN 

Yellow 

MoCI[P(OPh) 3 ] 2 (^C 3 H 5 ) 

CN 

CN 

Orange-yellow 

MoCK^'-dppelji^CjHj) 

CN 

CN 

Red-orange 

MoCHdppeX^-CjHj) 

CN 

CN 


MoC!(m-Ph 2 PCH=CHPPh 2 )(fK'jH 5 ) 

CN 

CN 

Deep green 

MoCI(AsPh 3 ) 2 (/;-C 5 H 5 ) 

CN 

CN 

Orange-brown 

MoCI(SbPh 3 ) 2 (f)-C 5 H 5 ) 

CN 

CN 

Red-brown 

[Mo(PhP(CH 2 CH 2 PPh 2 ) 2 )(»/-C 5 H 5 ))+ 

CN 

CN 

Yellow-orange* 

[Mo(P(OMe) 3 ) 2 (f;-C 5 H s )]- 

H 

Bu' 

Red 

MoI[P(OMe) 3 ] 2 (r;-C 5 H 5 ) 

H 

Bu' 

Red 

Mo(N 2 C 6 H 4 F-4)[P(OMe) 3 ](>/-C 5 H 5 ) 

H 

Bu' 

Dark red 

WCI(PPh 3 ) 2 (t;-C s H s ) 

CN 

CN 

Yellow-orange 

WCI[P(OMe) 3 ] 2 (n-C 5 H 5 ) 

CN 

CN 

Yellow 

WCI[P(OEt) 3 ] 2 ( tt-C S H s ) 

CN 

CN 

Yellow 

WCI(AsPh 3 ) 2 (fEC 5 H 5 ) 

CN 

CN 

Orange-yellow 

Mn(CO) 2 (^C 5 H s ) 

H 

Ph 

Dark red 

Mn(CO) 2 (^-C 5 H 5 ) 

H 

C0 2 Me 

Orange-brown 

Mn(CO) 2 (^-C s H 5 ) 

H 

C(OH)Bu> 2 

Pale red 

Mn(CO) 2 (t;-C 5 H 5 ) 

Me 

Me 

Red-orange 

Mn(CO) 2 (t;-C 5 H 5 ) 

Me 

COBu' 

Orange-red 

Mn(CO) 2 (^C 5 H 5 ) 

Me 

C0 2 Me 

Orange 

Mn(CO)(PPh 3 )(t/-C 5 H 5 ) 

H 

Ph 

Dark orange 

Mn(CO)[P(OEt) 3 ](r/-C 5 H 5 ) 

H 

Ph 

Red 

Mn(CO)[P(OPh) 3 ](r/-C 5 H 5 ) 

H 

Ph 

Orange-red 

Mn(CO) 2 (r/-C 5 H 4 Me) 

H 

CHBu' 2 

Pale red 

Mn(CO) 2 (»/-C 5 H 4 Me) 

H 

CBu'Ph 2 

Red-orange 

Mn(CO) 2 (^C 5 H 4 Me) 

H 

CPh 2 (SBu') 

Yellow 

Mn(CO) 2 (r/-C 5 H 4 Me) 

Me 

CBu‘Ph 2 

Red-orange 

Mn(CO) 2 (r/-C 5 H 4 Et) 

H 

Ph 

Red 

Re(CO) 2 (^C 5 H 5 ) 

H 

Ph 

Red 

Re(CO) 2 (^C 5 H 5 ) 

Ph 

(i^-CPh=CH 2 )- 

Re(CO) 2 (rf-C 5 H 5 ) 

Light red 

FeCI(depe) 2 

H 

Ph 

Green* 

[Fe(CO)(PPh 3 )(r/-C 5 H 5 )] + 

H 

H 

Yellow-gold 1 

[Fe(CO)(PPh 3 )(^C 5 H 5 )]+ 

H 

Ph 

Pink 1 

[Fe(CO)(PPh 3 )(^-C 5 H 5 )] + 

Me 

Me 

Yellow 1 

[Fe(CO)(PMe 2 Ph)(^C 5 H 5 )]+ 

H 

H 

Lime green 1 
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Mononuclear Vinylidene Complexes 


Yield (%) 

mp(°C) 

v(C=C) 

8(C'Y 

8(C'Y 

Reference 

7 


1697 



28 

8.6 





22 

90 

162- 164d 




9.30 

II 

181-183 




30 

61 

135-136d 




30 

49 

86-87 




30 

67 

123- 124d 




30 

50 

123-124 




30 

60 

199—202d 




30 

68 

252-254 




30 

76 

130- 132d 




30 

34 

I20d 




30 

85 

dec > 275 




9,30 



1602 

322.8t(17) 

121.8s 

35 



1605 

326.4d(5l) 

132.7t( 12) 

34 

31 


1608 

348.6d(30) 

141.3s 

34 

35 

166- I68d 




9.30 

26 

dec > 149 




30 

17 





30 

10 

dec > 131 




30 

10 

64-65 


379.5 

123.5 

18 

94 


1610 



26 

92 


1652 



26 

41 





27 

32 


1595 



26 

93 


1631 



26 

24 

174d 




18 

24 

Oil 




18 

21 

110-112 

1590 



18 

41 

55-56 

1658 



76 

62 

95-96 

1650 



76 

37 

101-102 




7.5 

46 

Oil 

1649 



76 


Oil 




18 

12 

75-76 

1591 

329.5 

119.5 

19 

4.3 

150-152 




19 



1572-1609 



12 

90 

154- 155d 

1630 

372.4d(29) 

107.1 

37.38 



1675 



13 

90 

135-136d 

1621 



37.38 

70 

130-134d 

1633 



37.38 


( Continued) 
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TABLE IV 


ML„ 

R 

L„M=C*=C J 

V 

R 

R' 


IFe(COKPCy 3 )(»hC 5 H s )] + 

H 

H 

Lime green' 

[Fe(dppeKtFC 5 H 5 )] + 

H 

H 


[Fe(dppe)(^C 5 H 5 )] + 

H 

Me 

Pale orange 

[Fe(dppeKtFC 5 H 5 )] + 

Me 

Me 

Orange* 

[Fe(dppeXrFC 5 H 5 )]+ 

Me 

CS 2 Me 

Yellow-brown' 

Fe(tpp) 

Ph 

Ph 


Fe(tpp) 

C 6 H 4 CI-4 

C 6 H 4 CI-4 

Purple 

Fe(tpp) 

C 4 H 4 Cl-4 

C 6 H 4 Cl-4 

Purple 

Fe(tap) 

C 6 H 4 CI-4 

C 4 H 4 Cl-4 

Purple 

Fe(oep) 

C 6 H 4 CI-4 

C 4 H 4 Cl-4 

Purple 

Fe(ppix) 

C 6 H 4 CI-4 

C 6 H 4 CI-4 

Purple 

[Ru(PMe 3 ) 2 (/,-C 5 H 5 )] + 

H 

H 

Yellow* 

[Ru(PMe 3 ) 2 (,K' 5 H 5 )] + 

H 

Me 

Orange* 

[Ru(PMe 3 ) 2 0,-C 5 H 5 )]+ 

H 

Ph 

Pink* 

[Ru(PMe 3 ) 2 (t/-C 5 H 5 )] + 

Me 

Ph 

Pink* 

[Ru(PPh 3 ) 2 (t)-C 5 H 5 )]+ 

H 

Me 

Orange-red* 

[Ru(PPh 3 ) 2 (tj-CjHj)] + 

H 

Pr 

Tan* 

[Ru(PPh 3 ) 2 (tj-CjH 5 )] + 

H 

COjMe 

Orange-brown* 

[Ru(PPh 3 ) 2 (»H: 5 H s )] + 

H 

Ph 

Red-purple* 

[Ru(PPh 3 ) 2 (tj-CjH s )] + 

H 

C 6 H 4 F-4 

Red-brown* 

[Ru(PPh 3 ) 2 (t)-C 5 H s )] + 

H 

C 4 F s 

Tan* 

[Ru(PPh 3 ) 2 (tj-C 3 H 5 )] + 

Me 

Me 

Deep red* 

[Ru(PPh 3 ) 2 (t/-C 5 H 5 )] + 

Me 

Pr 

Deep red* 

[Ru(PPh 3 ) 2 (t/-C 5 Hj)] + 

Me 

Ph 

Red* 

[Ru(PPh 3 ) 2 (t/-C 5 H 5 )] + 

Me 

c 4 f 5 

Pink* 

[Ru(PPh 3 ) 2 (t/-C 5 Hj)] + 

Et 

Ph 

Red* 

[Ru(dppmXt/-C 5 H 5 )] + 

H 

Ph 

Buff* 

[Ru(dppe)(»;-CjHj)] + 

H 

Bu 


[Ru(dppe)(»/-CjHj)] + 

H 

Ph 

Pale orange* 

Os(CO) 2 (PPh 3 ) 2 

=Ol 

Yellow 

Os(CO)(CNC 4 H 4 Me-4)(PPh 3 ) 2 

= Ol 

Yellow 

IOs(PPh 3 ) 2 (»/-C 5 H 5 )]+ 

H 

Ph 

Light purple 


u Chemical shifts in ppm; ./(CP) in parentheses. 
* PF 4 salt. 

■ BF 4 salt. 

" S0 3 F salt. 

< I salt. 
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( Continued) 


Yield (%) 

mp(°C) 

v (C=C) 

S(C‘Y 


Reference 

88 

170d 

1629 



38 



1625 



24 



1658 

358.3t(33) 

118.0 

24 


230-232d 

1675 

363.31(33) 

127.8 

24,39 

64 

171 — 177d 

1550 

364.5 

144.7 

29 






91 

50 

dec > 70 




33 






33 






33 






33 






33 

79 

dec > 100 

1632 


127.35 

49 

83 

15 5d 

1650 



49 

85 

185- 190d 

1650 


114.7 

23,49 

56 

195d 

1650 



49 

89 

120-125 

1655 

349.4t(17) 

109.0s 

20 

86 

dec > 98 

1660 


114.7 

20 

92 


1640 


113.3 

20 

88 

105-1 lOd 

1640 

358.91(24) 

119.6 

14,20 

84 

120 

1635 



20 

80 

dec > 60 

1640 



20 

67 

202-207 

1678 



20 

77 

194-196 

1678 

352.0m 

121.3 

20 

93 

205—2 lOd 

1665 

365.7 

125.2 

20 

61 

191-194 

1638 



20 

87 

195-200 

1665 



20 

92 

208-210 

1651 



20 






138 

79 

210-212 

1646 



20 



1649 



36 



1604 



36 

94 

136-138 

1648 


108.2 

20 



TABLE V 

BlNUCLEAR VlNYLIDENE DERIVATIVES 



[ML„] 2 

X 

R 

R' 

Color 

Yield (%) 

mp (°C) 

v(C=C) 

Reference 

[Mn(CO) 2 (^C 5 H 5 )] 2 


H 

H 

Red-purple 

42 



38 

[M n(CO) 2 (»j-CjH 5 )] 2 ‘ 

1 — 

H 

Ph 

Violet 

27 

144 

1550 

18 

[Mn(CO) 2 (ij-C 5 H 5 )] 2 

— 

H 

COPh 


1-2 



58 

[Mn(CO) 2 (ij-C s H 5 )] 2 

— 

H 

C0 2 Me 

Red-violet 

70 


1525 

21,26,29 

Mn(CO) 2 (»H: 5 H 5 ) 

Re(CO) 2 (if-C 5 H 5 ) 

' 

H 

Ph 

Dark orange 

4 

161-163 

1552 

149 

Mn(CO) 2 (7-C 5 H 5 ) 

Fe(CO) 4 

1 

H 

C0 2 Me 

Dark red 

73 

110-11 Id 

1545 

139 

Mn(CO) 2 (^C 5 H 5 ) 
Fe(CO) 4 | 

1 

COjMe 

H 

Red 

8.7 

100-102 

1555 

139 

[Re(CO) 2 (»K: 5 H 5 )] 2 


H 

Ph 

Yellow 

3 

193-194 

1555 

19 

[Fe(CO) 4 ] 2 

— 

Ph 

Ph 

Orange 




7 

[FetCOkdT-QH,)],* 

CO 

H 

H 

Orange-red 

93 



65,147 

[Fe(COXif-C 5 H 5 )] 2 as CO 

Ph 

CH 2 Ph 

Red 




64 

[Fe(COX»M: 5 H 5 )] 2 in 

arts CO 

Ph 

CH 2 Ph 

Purple 

17 



64 



[Fe(COXtbC 5 H 5 )] 2 

CO 

Me 

CH 2 (tol) 




[Fe(COX»K 5 H5)] 2 

CO 

Me 

CHMePh 




[Fe(COX»K 5 H 5 )] 2 

CO 

Me 

CHMe(tol) 




[Fe(COX»K: 5 H 5 )] 2 

CO 

Me 

CH 2 C 6 H 4 OMe-4 




[Fe(COXrK: 5 H 5 )] 2 

CO 

Me 

Ph 




[Fe(COX^C 5 H 5 )] 2 cis 

CO 

CN 

CN 

Red-orange 

2-7 

dec 260 

[Fe(COX»l-C 5 H 5 )] 2 mj«i 

CO 

CN 

CN 

Red-violet 

0.3 

dec 255 

[Ru(COX^C 5 H 5 )] 2 dr 

CO 

H 

H 

Yellow 

30 

178-180 

[Ru(COX^C 5 H 5 )] 2 trans 

CO 

H 

H 

Yellow 

35 


[Ru(COX^C 5 H 5 )] 2 ' 

CMe 2 

H 

H 

Yellow 

66 

177 

[Co(CO) } ] 2 ' 

H 1 ,C S o 

1 

I 

Orange-red 




g 






[Rh(COX>? 5 -C 9 H 7 )]/ 


H 

H 

Red 

50 



64 

64 


62 


61 


‘ <5(0,) 284.2, <5(C 2 ) 125.2 ppm. 

* <5(0,) + 6(ji-CO) 271.3, 277.2; <5(C 2 ) 125.6 ppm. 
r <5(C,) 249.1, <5(C 2 ) 122.7 ppm. 

'<5(C,) 244.5, <5(C 2 ) 122.2 ppm. 

' Several complexes with R = Cl, R' = Bu; R = Br, R' = Br, Bu, Ph;R = I, R' = Bu and a variety of similaryu-lactone-carbene ligands described; v(C=C) 
1550-1590 cm” 1 . 

MQ) 111.2 ppm (—90°C). 





ML, 

R 

R' 

Color 

Cr<CO) 5 

CHMe 2 

CHMe 2 


Cr(CO) 5 

Bu' 

Bu' 

Deep red 

Cr(CO) 3 

Ph 

NMe 2 

Red violet 

Cr(CO) 5 

Ph 

Ph 

Blue 

Cr(CO) 3 

Cr(CO) 5 


=o 

Black-violet 

Red-violet 

Cr(CO) 5 

>0 

// 

-< 

Cr(CO), 

Green 

W(CO) 5 

CHMe 2 

CHMe 2 


W(CO) 5 

Bu' 

Bu' 

Deep red 

W(CO) 5 

Ph 

Ph 

Red 

Mn(CO) 2 (^C 5 H 5 ) 

Bu' 

Bu' 

Orange-brown 

Mn(CO) 2 (^C 5 H 5 ) 

CH 2 Ph 

CH 2 Ph 

Orange-red 

Mn(COM^C 5 H 5 ) 

Cy 

Cy 

Brown-black 

Mn(CO) 2 (^-C 5 H 5 ) 

Ph 

Ph 

Black-violet 

[Ru(PMe 3 ) 2 (^C 5 H 5 )] + 

Ph 

Ph 

Orange-brown 


PF 6 salt. 


TABLE VI 




TABLE VII 


Binuclear Propadienylidene Complexes 





L »*?\ 

R 







1 / c —c- 

LnM^ 

R' 




[ML„] 2 

R 

R' 

Color 

Yield (%) 

mp <’C) 

v(C=C) 

Reference 

tcncoy. 

Ph 

Ph 

Deep blue 

24 

dec-10 


73 

[W(CO) 5 ] 2 

Ph 

Ph 

Deep blue 

10 

dec 93 

1866 

73 

[W(CO) 5 ] 2 


P 

Red-violet 

11 


1879 

73 


Bu' 

Bu' 

Black-brown 

57 


1862 

74 

[Mn(CO) 2 (^C,H 5 )] 2 

CH 2 Ph 

CH 2 Ph 

Red-violet 

82 


1887 

74 

[Mn(CO) 2 (7-C 5 H5)] 2 

Cy 

Cy 


54 


1878 

74 

[MnlCO^fKWk 

Ph 

Ph 

Black 

76 


1873 

74 

MnlCO^^H,) 1* 
Fe(CO) 4 [ 

Ph 

Ph 

Violet 

65 

99-101 


139 


<5(0.) 333.25 ppm. 
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M(=C=CHPh)(CO) 2 (>/-C 5 H 5 ) (M = Mn and Re, respectively). The 
v(C=C=C) absorptions are found between 1862 and 1887 cm -1 for man¬ 
ganese - propadienylidene complexes. 

The 'H NMR spectra are generally consistent with substituent groups and 
other ligands present, no features being characteristic of the vinylidene 
ligands. In mononuclear complexes, the a- and ^-carbons resonate between 
8 320-380 ppm, and between 8 118-142 ppm, respectively, consistent 
with the electron deficiency of the former. A considerably wider range 
is found for the a carbons in binuclear complexes, from 8 250 ppm 
for Ru 2 (/i-C=CH 2 )(/i-COXCO) 2 (i/-C 5 H 5 ) 2 to 8 329.5 ppm for Mn 2 (/i- 
C=CHPh)(CO) 4 (^-CjH 5 ) 2 . As expected, the a carbons in propadienylidene 
complexes are more electron deficient, as indicated by a chemical shift of 8 
441 ppminCr(=C=C=C=0)(CO) 5 ,althoughavalueof<5331.2 ppm is 
found in Mn(=C=C=CBui)(CO) 2 (r?-C 5 H 5 ). 

Mass spectral fragmentations of mononuclear and binuclear manganese 
and rhenium complexes have been described by Russian workers {111a). 
Apart from the usual loss of CO ligands, elimination of the vinylidene 
moiety was noted, and of M(CO) 2 (C 5 H 5 ) (M = Mn or Re) groups from 
binuclear complexes. Perhaps the most unusual feature was found in the 
spectrum of the olefinic vinylidene complex (^-C 5 H 5 )(OC) 2 Re(?/ 2 -CH 2 = 
CPhCPh=C=)Re(CO) 2 (//-C 5 H 5 ), in which the carbonyl-free 
[Re 2 (C 26 H 22 )] + ion underwent successive loss of five H 2 molecules. 


THE RELATION OF VINYLIDENE TO OTHER 
^-CARBON-BONDED LIGANDS 


The vinylidene ligand occupies an important place in the sequence of 
reactions linking a variety of well-known //'-carbon-bonded ligands: 


M —C = C—R- 


M=C=CHR 

Vinylidene 


HjO 

,CH,R 


+ H + 

r 

CHjR 


Alkyl 


Acyl 


Carbene 
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and in the more general conversion of alkynyl to alkyl ligands by a succes¬ 
sion of electrophilic (E,E') and nucleophilic (N,N') additions: 


[M] —C = C—R 
Alkynyl 




N E 

[Ml-C-C-R 
N' E 

Alkyl Carbene 

All of these individual conversions are now well documented, or have 
come to light during investigations of the chemistry of vinylidene com¬ 
plexes. An example is to be found in the reactions of [Ru(=C= 
CHPh)(PPh 3 ) 2 (r 7 -C 5 H 5 )]PF 6 (42). Deprotonation under mild conditions af¬ 
fords the corresponding <r-phenylacetylide complex, which can be reproton- 
ated with HPF 6 • OEt 2 . Reaction of the vinylidene with methanol affords the 
methoxy(benzyl)carbene complex, which can be deprotonated to the vi¬ 
nyl ether with base. With water, on the other hand, the product is 
Ru(CH 2 Ph)(CO)(PPh 3 )(tj-C 5 H 5 ), this compound forming by spontaneous 
decarbonylation of the phenylacetyl complex Ru(COCH 2 Ph)(PPh 3 ) 2 (f/- 
C 5 H 5 ), with concomitant loss of a triphenylphosphine ligand; the acyl 
derivative is formed by deprotonation of the unobserved hydroxy(benzyl) 
carbene complex. 

The stepwise reduction of the ethynyl complex Fe(C=CH)(dppe)(r/- 
C 5 H 5 ) to the neopentyl derivative has been achieved by two sequences of 
methylation and hydride additions, illustrating the propensity for nucleo¬ 
philic addition to C 0 , and electrophilic addition to C fi (25). The initial 
conversion to [Fe(=C=CMe 2 )(dppeX>?-C 5 H 5 )] + (5) has been described 
above (Section III,A,2); further reactions of this complex with 
Na[HB(OMe) 3 ], Me 3 0 + , and NaBH 4 afford the neopentyl complex: 

CMe, + [Fe]-H 
Me s O + 


[Fe] = Fe (dppe) (v- C S H S ) 
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IX 

DISPLACEMENT OF VINYLIDENE AND 
PROPADIENYLIDENE LIGANDS 

Little success has attended experiments designed to use these metal 
complexes as sources of free vinylidenes or propadienylidenes. Thus, it has 
not been possible to transfer vinylidenes to olefins in reactions with manga¬ 
nese complexes. As described above (Section IV,A, 1), heating mononuclear 
Mn(CO) 2 (»/-C 5 H 5 ) complexes containing these ligands affords the binuclear 
analogs, the second propadienylidene fragment probably being lost as a 
hexapentaene derivative: 


2R 2 C=C=C:-- R 2 C=(C=C) 2 =CR 2 

Indeed, tetra-/-butylhexapentaene was obtained in 52% yield by the thermal 
decomposition of Mn(=C=C=CBu0(CO) 2 (j/-C 5 H 5 ) at 100°C/1 atm. 
U7). 

The chromium oxapropadienylidene complex affords dimethyl malonate 
when oxidized in methanol (77), and the diester is assumed to be produced 
by addition of the alcohol to the first-formed tricarbon dioxide: 

[O] MeOH 

(0C)jCr=C=C=C=0-- 0=C=C=C=0-• CH 2 (C0 2 Me) 2 

If a mixture of diphenylacetylene and Mo[C(C1)==C(CN) 2 ](CO) 3 (j/- 
C 5 H s ) is heated, part of the cyanocarbon ligand is incorporated into the 
olive-green 6,6-dicyano-l,2,3,4-tetraphenylfulvene (72), which can be 
formed by cyclization of a C=C(CN) 2 fragment with two molecules of 
alkyne (772): 



(72) 


The analogous tungsten complex reacts with PPh 3 to give not only 
WCl[C=C(CN) 2 ](PPh 3 ) 2 (j/-C 5 H 5 ), but also minor amounts of 
WC1(CO) 3 (j/-C 5 H 5 ), which suggests loss of dicyanovinylidene can occur 
from some intermediate complex (9, 30). 

Finally, the stereospecific formation of trans- 1,4-di-/-butylbuta-2,3-triene 
from HC=CBu', catalyzed by H 2 Ru(CO)(PPh 3 ) 3 , suggests the interme- 
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diacy of a J-butylvinylidene- ruthenium complex which facilitates forma¬ 
tion of the C 4 hydrocarbon (113). 


X 

POLYNUCLEAR COMPLEXES 

Metal cluster complexes containing vinylidene ligands have been consid¬ 
ered as models of species present when olefins or alkynes are chemisorbed 
on metal surfaces (114). Vinylidene has been detected in reactions of 
ethylene or acetylene with Fe(100), Ni( 111), and Pt(l 11) surfaces (775), and 
was shown to be an intermediate by theoretical studies on a manganese 
surface (116). The facile cleavage of C-H bonds which occurs in these 
systems, together with hydrogen addition or abstraction, also occurs on 
metal clusters. Typical of the reactions considered is the hydrogen transfer 
reaction 

3C 2 H 4 (surface)-• C 2 H 6 (g) + 2CMe(surface) 

which may be envisaged to occur via the sequence 

h 2 [m„] : C;H< ■ h 2 [m„](CH 2 =ch 2 ) — 

HEt[M„] . C ‘ H - HEt[M„](CH 2 =CH 2 ) : ^ - [M„](CH 2 =CH 2 ) — 

H[M,](CH=CH 2 ) - H 2 [M,](C=CH 2 ) H 3 [M„](CMe) 

Several triosmium carbonyl complexes containing the various C 2 ligands 
appearing in the sequence have been structurally characterized. 


A. Complexes Containing p z -Vinylidene Ligands 

There are no structurally characterized cluster complexes containing 
^-vinylidene ligands, although several of the minor products isolated from 
reactions between Ru 3 (CO) 12 and NaBH 4 in refluxing tetrahydrofuran are 
supposed to have this feature (117): examples are complexes 73-75. 


(co). 



(co) 3 

(73) 


(OC) 4 Ru' 
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(74) 

H s Ru 5 (m-C=CH 1 )(CO)„ 



(75) 

H*Ru 6 ((i-C=CH 2 )(CO) 18 


B. Complexes Containing fi a -Vinylidene Ligands 
1. Cobalt 

Carbonium ions based on the well-known Co 3 C cluster can be obtained 
by dehydration of the hydroxy complexes Co 3 [/i 3 -CCH(OH)R](CO) 9 with 
HPF 6 in propionic anhydride: 

[Co,]C-CH(OH)R (Etco^Q -*- {[Co,l C=CHR} + 

R = H, Me, Ph 



(CO), 


These compounds form black crystalline solids which are stable in the 
absence of air or moisture (118). Similar tertiary carbonium ion derivatives 
could be obtained from vinylic derivatives, for example, on protonation 
U19): 

HPF, 

[Co,]CCMe=CH 2 (ElCQh o -([Co 3 ]C=CMe 2 )+PF 6 

These complexes are very reactive electrophiles, and reactions with alco¬ 
hols, a thiol, or amines generate new functionally substituted cluster com¬ 
pounds: 

R 

/ 

|[Co,]=C=CRRT + Nu—[Co,]— C—C— Nu 
R' 

The chemistry of these interesting compounds has been well studied, and 
has been reviewed in this series (120). 

NMR studies of these compounds confirm the electron deficiency of the 
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a-carbon atoms, which have chemical shifts in the region 258-286 ppm 
(121). The stability of these species was attributed to overlap of the empty p 
orbital on the ^-carbon with the filled a orbital of the Co-C a bond, as in 76, 
with C fi bending towards the metal; the threefold opportunity for such 
overlap suggests that the cations would be fluxional. Subsequently, extended 
Huckel calculations also showed that a conformation away from the upright 
is preferred ( 122). A further feature shown by the calculations is the rotation 


0^.0 


(OC) s Co—-—= Co(CO), 


of the CH 2 plane as the vinylidene ligand bends towards a metal - metal 
bond (CH 2 perpendicular to the M 3 plane) or towards a metal atom (CH 2 
rotated to some degree). A consequence of this is rotation of the CH 2 group 
as the vinylidene group moves around the M 3 cluster (77), which is consist¬ 
ent with the orbital interactions shown in Fig. 1, which illustrates interaction 
of the vinylidene p orbital with (a) a metal d z! orbital, and (b) with the 
antisymmetric e-type cluster MO. 


2. Iron, Ruthenium, and Osmium 

The /i 3 -methylidyne anion (77), which is obtained from [HFe 3 (CO) n ]~ 
and acetylene, is converted to the /t 3 -vinylidene cluster complex (78) by 



(a) (b) (c) 


Fig. 1. Diagrams showing (a) interaction of vinylidene p orbital with metal d,, orbital, (b) 
interaction of vinylidene p orbital with antisymmetric e-type orbital, and (c) circumambula- 
tion of vinylidene around Co, triangle, with concomitant rotation of the CH 2 group [after B. E. 
Schilling and R. Hoffmann, J Am. Chem. Soc. 101, 3456 (1979)]. 
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heating in refluxing acetone (123). Under CO, 78 rearranges back to 77, and 
this reversible reaction indicates the remarkable lability of the C-H and 
Fe-H bonds in these derivatives: 


Me 

/K 

-co^ 

.CH, 

c\ 

/I \ 

(OC) s Fe- 1 — Fe(CO), 

\>etcO), 

’+co 

(OC) a Fe— j -Fe(CO ) 3 

H—Fe - ^ 

o 


(CO ) 9 


(77) (78) 


The hydrido-^-j/ 1 ,^-vinyl complex (79), which is obtained from reac¬ 
tions between H 2 Os 3 (CO), 0 and acetylene (124) or ethylene (125) under 
mild conditions, loses a molecule of CO on heating to give the pale yellow 
/i 3 -vinylidene derivative (80). 


H 2 Os 3 (CO) 10 


_ / (co)\ 

(OC)jOs^--—Os(CO) s 


125°C : 

octane 



(79) 


(80) 



(81) 


Complex 80 (R = H) is also formed directly from Os 3 (CO) 12 and ethylene in 
octane at 125°C (126). It is fluxional, with hydrogen migration around the 
Os 3 core. Preliminary details of a crystal structure confirm the formulation 
shown. Propene reacts similarly with Os 3 (CO) 12 to give an oil, which con¬ 
tains 80 (R = Me) as the major component; a similar mixture was obtained 
by pyrolysis of the/t 2 -CH =CHMe complex formed from H 2 Os 3 (CO) l2 and 
propyne. The/r 2 -styryl compound [from H 2 Os 3 (CO) l0 and HC 2 Ph] afforded 
only white 80 (R = Ph) on heating. Hydrogenation of 80 (R = H) in 
refluxing heptane for 24 hr gives a nearly quantitative yield of H 3 Os 3 (u 3 - 
CMe)(CO) 9 (81), a reaction that can be reversed by hydride abstraction from 
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the ethylidyne complex with trityl tetrafluoroborate (127). The IR and 
Raman spectra of H 2 Os 3 (// 3 -C=CH 2 )(CO )9 have been assigned; in the IR, a 
medium intensity band at 1467 cm -1 was assigned to a coupled v(C=C)/ 
<5(CH 2 ) scissors mode, and absorptions at 1048m, 959ms, and 808m cm -1 to 
CH 2 rock, y(CH 2 ) wag, and y(CH) 2 twist vibrations, respectively (128). 

Thermal decomposition of Os 3 (CO),,[Me 2 As(CH=CH 2 )] at 96°C gives 
a //-vinyl complex Os 3 (//-AsMe 2 )0z-CH=CH 2 )(CO) lo (82), which at higher 
temperatures affords successively the white // 3 -vinylidene complex (83) and 
then the// 3 -alkyne derivative (84) (129). This sequence of reactions provides 
the first authenticated report of the interconversion of cluster-bound vinyli¬ 
dene to acetylene. 


(co). 

Os 

/h \ ^ch 2 

- 

(OC) 3 Os Os(CO) 3 

Me 2 
(82) 


H c ; 

Os(CO) 3 150°C , , / 

/\ --(oc) 3 o r 

I \_.Os"^ 

Me. < CO >’ 


Os(C 

J/x 


(co) 3 

(83) 


(84) 


Although the ruthenium analogs of 80 (R = H or Me) were identified 
among the many products obtained from Ru 3 (CO), 2 and NaBH 4 (111), the 
former was better obtained, together with the vinyl complex HRu 3 (/z 2 - 
CH=CH 2 )(CO) 10 , from the reaction between Ru 3 (CO), 2 and ethylene 
(100°C, 17 hr) (127,130). 

The mixed Ru 3 Au 2 cluster (85) obtained from reactions between 
[Ru 3 (// 3 -C 2 Bu')(CO) 9 ] _ and [0(AuPPh 3 ) 3 ] + has been shown to contain a 
/-butylvinylidene ligand bridging the three ruthenium atoms (131). The two 
Au(PPh 3 ) moieties, weakly interacting, are bonded to the opposite side of 
the Ru 3 triangle. Complex 85 is accompanied by smaller amounts of Ru 3 Au 
and Ru 3 Au 3 clusters, but it is not yet certain whether they also contain 
vinylidene ligands. 



(85) 
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Yellow H 2 0s 3 (/i 3 -C=C=0)(C0) 9 (86) has been obtained by hydrogen¬ 
ation (in refluxing benzene) or pyrolysis (refluxing toluene) of the /r-methyl- 
ene complex Os 3 (/t-CH 2 )(/t-CO)(CO) 12 (132). The mechanism of formation 
is not clear. Complex 86 undergoes rapid hydrogen equilibration; it is 
protonated by HBF 4 OEt 2 to give [H 3 Os 3 (CCO)(CO) 9 ] + [or 
H 2 Os 3 (CCOH + j(CO) 9 ]. Either 86 or the protonated complex affords the 
ester derivative H 3 0s 3 [/i 3 -C(C0 2 Me)](C0) 9 (87) in methanol. 


CO.Me 



(86) (87) 


The iron analog of (86) has been obtained by oxidative degradation of the 
anionic carbido cluster [Fe 4 (/t 4 -C)(CO) 12 ] 2- with silver(I) ion (133). 

C. Complexes Containing fi 4 -Vinylidene Ligands 

Addition of Co 2 (CO) 8 to the /i 2 -vinylidene complex (40) (Section IV,A,6) 
affords the heteronuclear cluster derivative (88) in 55% yield, in which the 
vinylidene group now bridges all four metal atoms: 



(88) (89) 


In solution, the two methylene protons are nonequivalent, although the 
solid state structure shows a plane of symmetry bisecting the CH 2 group 
(70a). 

Conversion of the hydrido-acetylide complex HRu 3 (// 3 -C 2 Bu')(CO) 9 to 
the black p 4 -vinylidene derivative (89) occurs on reaction with [Ni(CO)(f/- 
C 5 H 5 )] 2 in refluxing heptane (134).* In contrast with the RujAu 2 complex 
described in the previous section, the vinylidene ligand, presumably formed 

* This complex has been shown to be the /j-hydrido derivative, (/t-HJRujNi^-t/ 2 - 
C = CHBu + XCOWf^C 5 H 5 ) by NMR and an X-ray structure of the isopropyl analog [A. J. 
Carty, N. J. Taylor, E. Sappa and A. Tiripicchio, Inorg. Chem. 22, 1871 (1983)]. 
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by migration of the metal-bonded proton to the /(-carbon, now interacts 
with all four metal atoms, the a-carbon being approximately equivalently 
bonded to each of them. 

P \ / H 


(90) (91) 

Treatment of Ru 3 (CO)|,(Ph 2 PC=CPr') in tetrahydrofuran with water or 
ethanol affords up to 30% of the red tetranuclear clusters (90; R = H or Et, 
respectively) (135). In these, the cleavage of the P-C bond is accompanied 
by addition of OH or OEt to the cluster, with transfer of hydrogen to the 
/1-carbon. Unusually, the “hinge” metal atoms are separated by 3.455 A, too 
far for a normal metal- metal interaction; this has the result of bringing the 
H 3 -0 and p 4 -C atoms to within 2.65 A of each other, suggesting the possibil¬ 
ity of facile H transfer between the two atoms. 

A reaction between H 2 Os 5 (CO) )5 and phenylacetylene afforded a yellow 
complex characterized as H 2 Os 5 (CO), 5 (CCPh); the carbon skeleton of the 
alkyne interacts with four of the five osmium atoms in a manner similar to 
that found in 89, and it is likely that this complex is another example of a 
cluster-bound vinylidene (91) (136). 

D. Cluster-Bonded Propadienylidene Ligands 

Addition of acid to the /^-acetylide complexes (92; M = Ru or Os) results 
in the formation of 93 (M = Ru or Os) by an acid-induced migration of the 
hydroxy group from carbon to metal (137). Only the orange osmium 
derivative could be isolated, and this was structurally characterized as the 
^ 3 -diphenylpropadienylidene complex shown. 

(OH) 


cf 3 co 2 h 


(93) 





1V7 


M(CO) s 



(CO), 



(92) 
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(89) (90) (91) 


Fig. 2. Metal-cluster-vinylidene skeletons for H 2 Os 3 (|< 3 -C=CH 2 )(CO)i) (80) (148), 
Au 2 Ruj(/ij-C=CHBu'KCO),(PPhj) 2 (85) (131), HOs 3 (/i 3 -C=C==CPh 2 X/i-OH)(CO) 9 (93) 
(137), Co 3 Fe(/i 4 -C=CH 2 KCO),(n-C 5 H 5 ) (88) (70a),NiRu 3 (/i 4 -C=CHBu'KCOW^C s H 5 ) (89) 
(134) and Ru 4 (/i 4 -C=CHPr')(/i 3 -OHX/i-PPh 2 )(CO),o (135). Distances in angstroms. 

The reaction is an intramolecular oxidative addition across one of the M-M 
bonds. 

E. Structural Studies 

Figure 2 summarizes the structural parameters of the vinylidene or 
propadienylidene ligands when bonded to various metal clusters. It can be 
seen that the C=C double bond is lengthened to ca. 1.4 A as a result of the 
interaction with the cluster; the a-carbon bridges three or four metal atoms, 
with M-C distances consistent with normal single bonds. 

XI 

ADDENDUM 2 

1. The red complex originally reported as Mn[C(PPh 3 )=CH 
(C0 2 Me)](C0) 2 (f7-C 5 H 5 ) and obtained from the reaction between 
Mn(C0) 2 (?/ 2 -HC 2 C0 2 Me)(^CjH 5 ) and PPh 3 {48), has been shown by an 


2 To December 1982. 
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X-ray study to be the isomeric Mh[C(C0 2 Me)=CH(PPh 3 )](CO) 2 (>hC 5 H 5 ); 
a similar derivative obtained in the reaction with dppe is formulated as 
Mn[C(C0 2 Me)=CH(PPh 2 CH 2 CH 2 PPh 2 )](C0) 2 (?;-C 5 H 5 ) [N. E. Kolobova, 
L. L. Ivanov, O. S. Zhvanko, I. N. Chechulina, A. S. Batsanov, and Y. T. 
Struchkov, J. Organomet. Chem. 238, 223 (1982)]. 

2. Syntheses of the chiral complexes [Re(=C=CHRXNO)(PPh 3 )(^- 
C 5 H s )] + (R = H, Me, Ph) from the corresponding acyls by reaction with 
triflic anhydride, KOBu', followed by further addition of triflic anhydride. 
The Me and Ph compounds each exist in two geometric isomers. Alkylation 
(with CD 3 S0 3 F) of Re(C=CMe)(NO)(PPh 3 )(?;-C ? H 5 ) afforded the 
C=C(CH 3 XCD 3 ) complex initially as one isomer, which isomerized to an 
equilibrium mixture on warming; similar results were obtained with other 
acetylides and electrophiles. Thus, electrophilic attack of the acetylide 
initially affords only one (kinetic) isomer, which then equilibrates to the 
thermodynamic mixture. The isomers can be thermally or photochemically 
interconverted; for the C=CMePh complex, A H* mi = 15.7 ± 1.7kcal 
mol -1 . The important conclusion deriving from these results is that the 
rhenium chirality can be transferred through the C=C bond (which has 
cylindrical symmetry); it is suggested that only one of the four/? orbital lobes 
of the C=C moiety is reactive toward electrophiles as a result of the 
presence of the bulky PPh 3 ligand [A. Wong and J. A. Gladysz, J. Am. Chem. 
Soc. 104, 4948 (1982)]. 

3. Several reactions of Rh(=C=CHR')(PR 3 )(> 7 -C 3 H 3 ) (PR 3 = PPr<,) 
have shown the way to a significant expansion of the potential of vinylidene 
complexes in synthesis. Thus HC1 gives successively RhCl(CH=CHR') 
(PR 3 X^-C 5 H 5 ) and RhCl(CHClCH 2 R')(PR 3 )(^C 3 H 5 ); CH 2 N 2 affords 
Rh(^-CH 2 =C=CHR')(PR 3 X^-C 5 H 5 ); chalcogens give Rh(^- 
E=C=CHR')(PR 3 )(» 7 -C ? H 5 )(E = S, Se, Te); and CuCl or RhCl(PR 3 ) 2 add 
to the Rh=C moiety. This extensive series of reactions involves the multi¬ 
ple bond between the metal and a-carbon (H. Werner, private communica¬ 
tion). 

4. The reaction between Fe(CO) 3 and Ph 2 C=C=0, which afforded 
Fe 2 (/i-C=CPh 2 )(CO) 8 (32) as the first-described vinylidene co mplex (7), 
has been reinvestigated; the major product is Fe[^-PhC(Ph)t(0)](CO) 3 , 
which reacts further with Fe 2 (CO) 9 to give Fe 2 (CO) 6 [/i-f/ 2 -PhC(?/ 1 ,^-Ph)j 
[W. A. Herrmann, J. Gimeno, J. Weichmann, M. L. Ziegler, and B. 
Balbach, J. Organomet. Chem. 213, C26 (1981)]. 

5. Reaction between Mn(=C=CHPh)(CO) 2 (?/-C 3 H 3 ) a nd Pt[P(OEt) 3 ] 4 
(benzene , 40°) affords a mixture of (?;-C 3 H 3 )(OC)Mn(^-CO)(/z-C= 
CHPh)Pt[P(OEt) 3 ] 2 (20%) and Mn(C0) 2 [^-CHPh=CHP(0)(0Et) 2 ](>/- 
C 3 H 3 ) (30%) [A. B. Antonova, S. P. Gubin, and S. V. Kovalenko, Izv. Akad. 
NaukSSSRp. 953 (1982)]. 
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6. Decarboxylation of diketene in the reaction with Mn(CO) 2 (thf)(r/- 
C 5 H 5 ) affords Mn(^-CH 2 =C=CH 2 )(CO) 2 (^-C 5 H 5 ), which readily com¬ 
plexes with a second Mn(CO) 2 (jf-CjH 5 ) fragment to give Mn 2 (/i- 
C 3 H 4 )(CO) 4 (//-C 5 H 5 ) 2 and complex 48 (Section IV,B) [W. A. Herrmann, J. 
Weichmann, M. L. Ziegler, and H. Pfisterer, Angew. Chem. 94, 545 (1982); 
Angew. Chem., Int. Ed. Engl. 21, 551 (1982); Angew. Chem. Suppl. 1223 
(1982)]. 

7. The anionic cluster complex [Fe 3 (/r 3 ,tf-C =C=0)(CO) 9 ] 2- has been 
obtained by Na[Ph 2 CO]-reduction of [Fe 3 [/i-C(OR)](CO) l0 ] - (R = Me or 
OMe); upon protonation or alkylation it affords [Fe 3 (/i 3 -CR)(/i 3 - 
CO)(CO) 9 ]" (R = H or Me) [J. W. Kolis, E. M. Holt, M. Drezdzon, K. H. 
Whitmire, and D. F. Shriver, J. Am. Chem. Soc. 104, 6134 (1982)]. 
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I 

INTRODUCTION 

The chemistry of one-carbon-atom molecules (C, chemistry) is an impor¬ 
tant area of research for the organometallic chemist. The motivation for 
these efforts stems from the belief that the raw material base for commercial 
organic chemicals will shift from oil to coal, owing to both economic reasons 
and declining petroleum reserves. The major raw material for a C,-based 
industry is carbon monoxide, and a great deal of the current research efforts 
are designed to investigate catalysis of the reduction of CO with 
hydrogen (7). 

Carbon dioxide can also serve as a convenient reagent in selected reduc¬ 
tion processes, and interest in its use as an inexpensive source of chemical 
carbon has greatly intensified over the past few years (2, 3). Carbon dioxide 
is a very stable molecule in as much as it is the thermodynamic end product 
of many energy producing processes [e.g., the combustion of hydrocarbons, 
Eq. (1)]. Hence, its use will require a major input of energy. The reactivity of 
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C0 2 , however, can be greatly enhanced by the judicious use of metal 
catalysts. An additional important consideration in the utilization of carbon 

C 2 H 6 + j0 2 - 2C0 2 + 3H 2 0(/), A H 19rc = - 1560.1 kj (1) 

dioxide as a source of chemical carbon in fuel production obviously is the 
need for hydrogen derived from nonpetrochemical origins. This dilemma 
has been amply discussed by Eisenberg and Hendriksen (4). The present 
alternative commercial route to hydrogen production, the water-gas shift 
reaction [Eq. (2)], may be of importance, particularly in instances where 
C0 2 is a better C, feedstock than is carbon monoxide. Indeed this has been 
demonstrated to be the case in methanation reactions employing nickel- 
based catalysts where C0 2 proceeds more rapidly than CO and at lower 
temperatures (5). In addition, reactions ofC0 2 /H 2 on supported palladium 

CO + HjO - COj + h 2 (2) 

catalysts can be made to be highly selective towards either CH 4 or CH 3 OH 
production, depending on the nature of the support (6). It should be noted as 
well in this regard that major efforts are being conducted to commercially 
produce hydrogen from the water-splitting reaction based on energy from 
nuclear reactors (7). 

In general the energy demands for the carbon dioxide reduction process 
decrease with the extent of retention of oxygen in the product molecules, 
e.g., reactions (3) and (4) are much less energy exhausting than is reaction 
(5). It is thus anticipated that in the short run the industrial utilization of 


CO, 

+ ^./o,—- r°>o 

(3) 

CO, 

+ RC=CH -■- ! I 

(4) 





0 


CO, 

+ H, -— C b H„ + H,0 

(5) 


C0 2 as a feedstock for organic substances will continue to be in the produc¬ 
tion of urea, carboxylic acids, and organic carbonates. On the other hand, 
many laboratory syntheses of organic substances derived from C0 2 have 
been published, ranging from hydrocarbons to cyclic lactones. These have 
recently been surveyed by Denise and Sneeden (8). 

The reduction of carbon dioxide by means of what might formally be 
considered insertion reactions [Eqs. (6) and (7)] represents important pre¬ 
liminary processes in the production of reduced carbon containing mole- 
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cules derived from carbon dioxide. This is most likely the case whether MH 
o 

M —H + C0 2 » M—O—C—H (6) 

O 

“ ,,, 

M —R+C0 2 > M—O—C—R (7) 

and MR symbolize homogeneous catalysts or surface metal species. It is not 
the intention of this article to focus on C0 2 reduction processes involving 
heterogeneous catalysts, but we wish to concentrate on homogeneous sys¬ 
tems in hopes of providing some understanding of the basic mechanistic 
aspects of this important class of organometallic reactions, i.e., C0 2 inser¬ 
tion into metal-hydride and metal-carbon bonds. 


II 

COORDINATION CHEMISTRY OF CARBON DIOXIDE 

Prior to a discussion of C0 2 insertion reactions into M-H and M-C 
bonds it is useful to review some of the known coordination chemistry of 
carbon dioxide, since activation of C0 2 by metal centers is assumed to be of 
significance in most of these processes. Carbon dioxide can interact with 
metal centers by three functionalities. These include the Lewis acid site at 
carbon (1), the Lewis base sites of the terminal oxygen atoms (2), and the if 
C=0 bond (3). It is possible as well that a combination 

/ 

M-CC M-0=C=0 M—:l 

^O O 

1 2 3 

of these functionalities might be present in a given metal -C0 2 complex. 

Infrared spectral identification of adduct formation involving carbon 
dioxide and a transition metal complex has often been in error because of 
subsequent reactions of C0 2 with concomitant production of carbonato-, 
hydrogen-carbonato-, or carboxylato-metal complexes. Indeed Mason 
and Ibers ( 9 ) have suggested that the only acceptable structural characteriza¬ 
tion forjudging the authenticity of a class of transition metal -C0 2 com¬ 
plexes should be diffraction methods. X-ray structural studies have verified 
at least six C0 2 adducts which display all three types of bonding modes of 



132 


D. J. DARENSBOURG and R. A. KUDAROSKI 



Fig. 1. Mode of bonding of C0 2 in [Ni(CO 2 XPCy 3 ) 2 ],0.75-toluene. Ni-C, 1.84 A; 
Ni-0(l), 1.99 A; C-0(l), 1.22 A; C-0(2), 1.17 A, estimated SD 0.02 A. Reproduced with 
permission from Ref. 10. Copyright 1975 American Chemical Society. 

C0 2 metals depicted above. These include the d'° and d 2 complexes 
with C0 2 tf(C,0) bonded of Ni[PCy 3 ](^-C0 2 ) (10) and Nb(^- 
C 5 H 4 Me) 2 (CH 2 SiMe 3 )(t/ 2 -C0 2 ) (11), respectively, the structures of which are 
shown in Figs. 1 and 2. Herskovitz and co-workers have recently reported on 
an rj l -C bonded C0 2 complex of rhodium, Rh(t/‘-C0 2 )(ClKdiars) 2 , where 
C0 2 and chloride ligands are mutually trans and no metal-oxygen interac¬ 
tions are present (12). In the d* complex, [Co(pr-salen)K(C0 2 )THF] B , the 
C0 2 is bonded to the cobalt atom via the C functionality and O bonded to 
two different K + ions as seen in Fig. 3 (13). A similar bifunctional coordina¬ 
tion of C0 2 exists in the metal cluster derivative, [HOsj(CO), 0 (CO 2 )- 
Os 6 (CO)| 7 ][Ph 3 P) 2 N], where carbon dioxide bridges two discrete Os 6 and 



Fig. 2. The molecular structure of [Nb(^-C 5 H4Me) 2 (CH 2 SiMe3)(r; 3 -C0 2 )] (1). Relevant 
dimensions are Nb-C(l), 2.144(7) A; Nb-O(l), 2.173(4) A; C(l)-0(1), 1.283(8) A; and 
C(l)-0(2), 1.216(8) A; 0(l)-C(l)-0(2), 132.4(7)°. Reproduced with permission from Ref. 
11. Copyright 1981 American Chemical Society. 
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Fig. 3. An ORTEP view showing the repetitive unit of the polymeric [Co(pr- 
salen)KC0 2 THF]„ and the coordination sphere around cobalt. Reproduced with permission 
from Ref. 13. Copyright 1978 American Chemical Society. 

Os 3 units (see Fig. 4) (14, 15). An analogous /z 3 -C0 2 bridged tetranuclear 
complex of rhenium, [(C0) 5 Re(C0 2 )Re(C0) 4 ]2, has recently been reported 
by Beck and co-workers (16) (Fig. 5). In addition, structural models for 
C0 2 if-C ,O bonded have been crystallographically defined in the complexes 
( 7 5 -C 5 H 5 ) 2 V(diphenylketene) and [(r/ 5 C 5 H 5 ) 2 Ti(diphenylketene)] 2 (1 7, 18), 
and tj'-O bonded in the complex [(t/ 5 -C 5 H 5 ) 2 V(acetone)]BPh 4 ] (77) by 
Floriani and co-workers. 

In these definitively characterized C0 2 adducts the O-C-O bond angle 
ranges from 132° to 135°. This deformation of the O-C-O bond from 
180° is understandable upon examining a Walsh diagram of C0 2 in the 
ground state (19). The partial Walsh diagram for CO a illustrated in Fig. 6 
shows that the energy of the unoccupied doubly degenerate 2n u molecular 
orbitals decrease in going from the linear to the bent conformation, hence 
enhancing their effectiveness in backbonding with the metal center. This 
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Fig. 4. (A)Structureof[HOs,(CO), 0 > OjC < Os ( i(CO)„]-,(B)sigp.ificant bond lengths (in A) 
within the cluster, with CO groups omitted for clarity. Reproduced with permission from Ref. 
14. Copyright 1976 American Chemical Society. 


effect has been quantitatively interpreted in a recent ab initio molecular 
orbital study of C0 2 binding to transition metal centers by Sakaki and 
co-workers (20). The energy required to distort the C0 2 from its equilibrium 
structure is more than compensated for by the interaction energy, primarily 
backbonding from the metal to the 7t,*orbital of C0 2 , with a minimum 
binding energy reached at an O-C-O angle of — 138°. 

These researchers (20) further concluded from their calculations, which 
critically contrasted the three coordination modes of C0 2 , that the side-on 
coordination (t] 2 -C,0) is the most favored when a large back-donative 
stabilization is accomplished. This rc-backbonding component decreases in 
the coordination modes if-C,0 > tj'-C > r/'-O. When and O* repul¬ 
sive interaction is great, for example in species containing positively charged 
metal centers, the end-on mode (tf‘-0) is stabilized over the other two. 
Indeed, this type of interaction is seen between K+ion and the oxygen atoms 



Fig. 5. A fi y -C 0 2 bridged tetranuclear complex of rhenium, [(C0) 5 Re(C0 2 )Re(C0) 4 ] 2 . 
Reproduced with permission from Ref. 16. Copyright 1982 VerlagChemie GmbH. 



A/.. 

w 



^2,(130°) tUdeo 0 ) 

0—C—0 angle 

Fig. 6. Partial Walsh diagram for C0 2 . 
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of C0 2 in the bifunctional complexes depicted in Fig. 3. On the other hand, 
binding through the C functionality (f/'-C) might be anticipated in species 
where the metal is electron rich and simultaneously the side-on coordina¬ 
tion is not allowed for some reason such as coordination number. Since in 
the rj'-C binding mode the C0 2 ligand is primarily behaving as an acceptor 
group, this interaction would be expected in organometallic species which 
satisfy the 18-electron rule and form adducts with C0 2 without concomitant 
loss of other ligands. This is seen in processes typified by Eq. (8) (21-23). 
Additionally it is apparent that when j/'-C 

W(CO)|- + C0 2 — W(CO) 5 COi- (8) 

and rj'-O binding modes are simultaneously present in a complex, this 
represents a favorable situation. 

The electronic influence of the other ligands in the metal’s coordination 
sphere is a major consideration when exploring the coordination chemistry 
of carbon dioxide. Since the metal-C0 2 bond is stabilized mainly by 
back-donative interactions, it would be expected that good donor ligands 
(e.g., the ubiquitous phosphine ligands) would enhance the binding ability 
of C0 2 to the metal center. This has been verified both experimentally (10) 
and theoretically (20), and has as well been demonstrated to be of impor¬ 
tance in C0 2 insertion processes (see below). 


Ill 

INSERTION REACTIONS OF CARBON DIOXIDE 

Examples of C0 2 insertion into M-H and M-C bonds are numerous. 
Less common are instances of carbon dioxide insertion into M-O and 
M-N bonds. There are excellent reviews which encompass these areas by 
Eisenberg and Hendriksen (4), Volpin and Kolomnikov (24), Kolomnikov 
and Grigoryan (25), and Sneeden (26). Hence we will emphasize develop¬ 
ments since the time of these reviews (i.e., from 1979 to present) with our 
perspective being primarily that of understanding mechanistic aspects of 
these insertion processes. Some overlap with these earlier reviews will 
necessarily occur during such efforts. 


A. Insertion into Metal-Hydrogen Bonds 

In principle the insertion of C0 2 into a transition metal hydrogen bond 
can result in either M-O or M-C bond formation, i.e., production of 
metalloformate (4) or metallocarboxylic acid (5) derivatives. Thus far, 
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definitive identification of a metallocarboxylic acid derivative synthesized 


M—H 




(9) 


by C0 2 insertion into a M - H bond is lacking. Indirect evidence for its 
formation in the reaction of [Ph 3 P] 3 Co(N 2 )H with C0 2 in benzene has been 
presented on the basis of the production of methyl acetate from the sequence 
of reactions depicted in Eq. (10) (24, 27). In addition, methyl formate was 
found as well from the intermediacy of a cobalt formate complex. 


C,H. Mel MeOH/BF, / , ^ 

[Ph 3 P] 3 Co(N 2 )H + C0 2 -• ([PhjPJjCotNjJCOOH}-• _„ 0 ■> MeCOOMe (10) 


Despite their equivocal presence in C0 2 insertion processes, the existence 
of metallocarboxylic acid species in organometallic chemistry and homoge¬ 
neous catalysis is presently well documented. These species have been 
synthesized from the addition of OH - to metal carbonyls (28-32), CO 
insertion into the M-OH bond (33), and protonation of anionic metal - 
carbon dioxide adducts (22). Additionally, we have recently shown by 
isotopic labeling experiments that the group 6B metal derivatives, 
M(CO) 5 COOH~ and M(C0) 5 0C(0)H- do not interconvert intramolecu- 
larly (34). These rather interesting metallocarboxylic acid species will be the 
subject of an upcoming review (35). 

In general, the insertion reaction of carbon dioxide into metal hydrogen 
bonds is formally much akin to the analogous process involving olefins 
(Scheme 1). This analogy is particularly appropriate since the binding of 


Olefin insertion: 



Carbon dioxide insertion: 



Scheme 
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C0 2 to the metal center directly parallels that of metal-olefin binding (36). 
For the olefin insertion reaction, activation parameters support a concerted 
reaction process as depicted above with a relatively low enthalpy of activa¬ 
tion, i.e., simultaneous bond breaking and bond making, and a negative 
activation entropy (37). Thus far, no studies determining the corresponding 
activation parameters for the C0 2 insertion process have been reported. 

Since the earlier reviews in this area (4,24 - 26), several papers have been 
published on the insertion of C0 2 into metal-hydrogen bonds, or its 
retrogradative counterpart, C0 2 extrusion from metalloformate species. 
Irradiation of ReH 3 (diphos) 2 [diphos = bis( 1,2-diphenylphosphino)ethane] 
in benzene results in elimination of dihydrogen to provide the 
[ReH(diphos) 2 ] intermediate (38). [ReH(diphos) 2 ] readily forms adducts 
with N 2 , CO, and C 2 H 4 , whereas it reacts with carbon dioxide to afford the 
complex Re(diphos) 2 0 2 CH. The structure of Re(diphos) 2 0 2 CH is assigned 
as having a bidentate formato ligand based on spectral data, and by analogy 
with the Re(S 2 CH)(CO) 2 (PPh 3 ) 2 derivative, which has been characterized by 
X-ray analysis (39, 40). Presumably, reaction of the unsaturated species, 
[ReH(diphos) 2 ], with C0 2 occurs via adduct formation as well followed by 
rapid metal-hydrogen bond cleavage with concomitant C-H bond forma¬ 
tion. This is further supported by the observation that ReH 3 (diphos) 2 does 
not react with C0 2 in the absence of photoinduced H 2 reductive elimina¬ 
tion. A parallel study has previously been reported of the photoinduced 
reaction of H 4 Fe(PPh 2 Et) 3 or H 2 Fe(N 2 XPPh 2 Et) 3 with C0 2 to yield 
(HC0 2 ) 2 Fe(PPhEt 2 ) 2 (41). 

Because of the analogy which can be drawn between olefin and carbon 
dioxide insertion processes (Scheme 1), it is of interest to note that although 
C0 2 insertion into the Re-H bond of [Re(diphos) 2 H] is very facile, similar 
insertion of ethylene to provide a rhenium alkyl species is not observed. This 
significant difference in reactivity for the C - H bond-forming process entail¬ 
ing C 2 H 4 or C0 2 with metal hydrides is also seen in our studies involving 
anionic species (34, 42-45). The group 6B metal pentacarbonyl hydrides, 
HM(CO)i\ act as sponges toward carbon dioxide at pressures less than 
atmospheric to quantitatively yield formato derivatives [Eq. (11)]. Similar 
reactivities are noted for these metal hydrides toward COS and CS 2 with 
formation of thioformate derivatives (Fig. 7). On the other hand, no 
C 2 H 5 M(CO)7 is afforded from the reaction of ethylene with HM(CO)^ 
under fairly rigorous conditions (51.7 bars and 25°C) (46). The reaction of 
these inexpensive anionic metal hydrides with olefins to provide anionic 
metal alkyls is a pivotal step which must be realized in order for the 
formation of metallocarboxylates via carbon dioxide insertion into metal- 
carbon bonds to become utilitarian (see below). 


HM(CO), + C0 2 ^ HC0 2 M(C0), 


( 11 ) 
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Fio. 7. Perspective drawing of the CifC0) s SC(0)H- anion. Some bond lengths are as 
follows: Cr-S, 2.447(1) A; Cr-C(eq),„ 1.894(4) A; Cr-C(ax), 1.837(4) A; S-C, 1.725(5) A; 
O-C, 1.206(6) A;C-H, 1.06(4) A. Reproduced with permission from Ref. 44. Copyright 1982 
American Chemical Society. 


In coordinatively saturated metal hydrides, such as the HM(CO)^ 
(M = Cr, Mo, W) derivatives, formation of the four-centered transition 
state for C0 2 insertion (Scheme 1) may proceed with or without CO loss and 
concomitant coordination of C0 2 at the metal center. That is, C0 2 insertion 
may occur by means of dissociative (D) or dissociative interchange (l d ) 
processes, or an associative interchange (I.) process (47, 48). In either 
instance an acid-base interaction between the anionic hydride ligand and 
the electrophilic carbon center of carbon dioxide as represented in 6 may 
occur prior to formation of the four-centered transition state depicted in 
Scheme 1. An interaction of this type has been observed for these HM(CO)^ 
derivatives with Lewis acids such as BH 3 (49). 

6~ 

M—H-- 

O 

6 

This variance in intimate mechanisms is likely seen in the reactions of 
HCr(CO)j and HW(CO)j with C0 2 to provide HC0 2 M(C0 )j derivatives 
(45). For example, carbon monoxide dissociation in the chromium anion, as 
evinced by ,3 CO exchange studies, occurs at a rate indistinguishable by 
conventional techniques from that of C0 2 insertion. Consistent with this 
observation, the rate of decarboxylation of HC0 2 Cr(C0)^is retarded in an 
atmosphere of carbon monoxide. Similar behavior was noted in decarboxy- 


V 
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lation studies of the (^ 5 -C 5 H 5 )Fe(C0) 2 0 2 CH derivative (50). On the other 
hand, insertion of C0 2 into the HW(CO)^ species proceeds at a rate faster 
than CO ligand substitution. Hence, in this instance either W—H • • • C0 2 
(6) interaction enhances CO lability or C0 2 insertion takes place by a 
concerted (I a ) process. Definitive evidence for this mechanistic pathway has 
been obtained for carbon dioxide insertion into CH 3 W(CO)^ to afford 
CH 3 C0 2 W(C0 )j (see below). 

An elegant study of the decarboxylation of the optically active rhenium 
formate (^ 3 -C 3 H 5 )Re(N0)(PPh 3 )0 2 CH has been recently reported by Mer- 
rifield and Gladysz (57). The hydride (f/ 5 -C 5 H 5 )Re(NO)(PPh 3 )(H) formed in 
>95% yield at 70° - 130°C. Both ORD and CD spectra indicated that the 
decarboxylation proceeded with retention at rhenium. Rate studies and 
crossover experiments indicated that no PPh 3 dissociation occurred. Other 
data obtained include k H /k D (I12°C) = 1.55 ± 0.08, A H* = 26.8 ± 
0.6 kcal mol -1 and AS* = — 6.3 ± 1.3. Thus, if this decarboxylation re¬ 
quires, like HCr(CO);, a vacant coordination site on the metal, preequili¬ 
brium C 5 H 5 slippage, NO bending, or tight ion pair formation seem to be the 
only possibilities. Unfortunately, the microscopic reverse of this decarboxy¬ 
lation could not be effected. 

It is worthwhile to note that in the reaction of the group 6B metal 
hexacarbonyls with the azide anion to provide isocyanatometallates, a 
concerted mechanism is proposed based on kinetic parameters which in¬ 
volves a three-centered transition state (7), and that the activation enthalpy 
is some 22.6 kJ lower for tungsten than for chromium (52). This reactivity 
sequence correlates with an increase in M-CO bond distances going from 
chromium to tungsten hexacarbonyl (53-55). 

(CO) t W---yC=0 

'n 

'N, 


Several reports of catalysis of the decomposition of formic acid involving 
homogeneous transition metal complexes and proceeding by means of 
metalloformate intermediates have recently appeared in the literature. For 
example, Rh(C 6 H 4 PPh 2 )(PPh 3 ) 2 (8) catalyzes the decomposition of formic 
acid to C0 2 and H 2 via the intermediacy of the product of oxidative-addition 
of HCOOH, Rh(HC0 2 )(PPh 3 ) 3 (56). ^-Elimination of the hydride from the 
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monodentate formate ligand to the metal center occurs in a slower step to 
produce C0 2 and Rh(H)(PPh 3 ) 3 [Eq. (12)]. Reaction of Rh(H)(PPh 3 ) 3 with 
an additional mole of HCOOH yields H 2 and reforms Rh(HC0 2 )(PPh 3 ) 3 . 



Alkaline solutions of Ru(CO), 2 (KOH in aqueous ethoxyethanol) have 
also been found to catalytically decompose formic acid (57,5S). Presumably 
this occurs by way of anionic ruthenium hydride derivatives [e.g., 
HRu 3 (CO) 7 ,] reacting with HCOOH to provide a ruthenium formate deriv¬ 
ative and H 2 . Subsequent /^-elimination of hydride from the ruthenium 
formate led to regenerating the anionic ruthenium hydride species and 
carbon dioxide. We have recently synthesized and fully characterized a 
possible ruthenium formato intermediate for this process, Ru 3 (CO) 10 - 
(0 2 CH)“ (9) (59). Indeed this species in part extrudes C0 2 in the presence of 
CO with concomitant production of Ru 3 (CO),,H - . 



The complex rra«s-PtH(0 2 CH)[PEt 3 ] 2 catalyzes the decomposition of 
formic acid in the presence of sodium formate. A mechanism based on the 
equilibria described in Scheme 2 has been proposed by Paonessa and 
Trogler (60). The role of formate ion is to promote catalysis by reaction with 
the platinum dimer (10) or the solvated complex [trans-PtH(S)L 2 ] + , where 
S = acetone, to reform the catalytically active monomeric species 11 and 12. 

A phosphine bridged molybdenum hydride dimer, ^-H[Mo 2 (CO) g (PP)]~ 


H 2 HCO z H 



[ trans- PtH(S)L 2 ] + + [HC0 2 ]' 

Scheme 2 
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(P P = bisdiphenylphosphinomethane), has been demonstrated to be a 
catalyst for the reaction of HCOOH to hydrogen and C0 2 ( 61 ). Infrared 
spectral evidence for the presence of the formato-bridged 
Mo 2 (CO) 8 (P P)(0 2 CH) - anion (13) has been obtained. Because of the very 
stable bridging phosphino ligand the intervention of monomer catalytically 
active species can be excluded. 



13 


In a related process, a rhodium A-frame hydride complex (14), containing 
the bridging bisdiphenylphosphinomethane ligand, has been shown to un¬ 
dergo reaction with carbon dioxide at ambient pressure to yield the bridging 
formate derivative (15) (62). Further reaction of 15 with CO occurs with 
concomitant explusion of C0 2 .This latter process is thought to transpire via 
a change in formate coordination from bridging to terminal followed by 
decarboxylation through a ^-elimination step [Eq. (13)]. 


h + 



Scheme 3 forms a catalytic cycle for the water-gas shift reaction ( 63 ) 
employing [Rh 2 (u-CO)(CO) 2 (dpm) 2 ] in the presence of acid as a catalyst 
( 62 ). It should be reiterated that alternative cycles might be written which do 
not involve formate intermediates. For example, a possible mechanism for 
catalysis of the water-gas shift reaction involving the binuclear metal 
species, [Pt 2 H 2 (u-H)(dpm) 2 ] + , is outlined below (Scheme 4) ( 64 ). We have 
critically discussed the role of formate versus carboxylic acid intermediates 
in homogeneous catalysis of the water-gas shift reaction by mononuclear 
metal catalysts elsewhere ( 34 ). 



Activation of Carbon Dioxide 


143 



Scheme 3 

In all of these instances involving bridging formato ligands it has not been 
defined as to whether the metal - hydride bond forming process occurs at the 
same metal center containing the bound formate ligand [as is depicted in Eq. 
(13)] or at an adjacent metal center. This intimate mechanistic detail must 
await further experimental observations. 

Beguin et al. (65) have observed that the hexameric copper hydride, 
[HCuPPh 3 ] 6 , reacts with C0 2 in benzene solution at room temperature to 
afford the formate (Ph 3 P) 2 Cu0 2 CH. In the presence of phosphine formation 
of the formate derivative is quantitative [Eq. (14)]. Production of 16 from 

o 

[HCuPPhj]* + 6PPhj HCOCu(PPh 3 ) 2 (14) 

16 

[HCuPPh 3 ] 6 is also effected by carbon monoxide along with trace quantities 
of water. A plausible suggestion for formate formation in this instance is that 


[PtjH,(ji-H)(ji-dppm),] + . 


[Pt,H(CO,H)(fx-dppm),] - 


- [Pt,H(CO)(p-dppm),] 


Scheme 4 
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the copper complex catalyzes the water-gas shift reaction with the thus 
produced C0 2 reacting with hydride to yield 16. Although production of the 
metallocarboxylic acid intermediate is proposed to result from CO insertion 
into a CuOH bond [Eq. (15)], a more attractive alternative mechanism 
would involve OH" attack at a cationic copper carbonyl species [Eq. (16)]. 
Consistent with either proposal is the fact that formate production from 
C0/H 2 0 is inhibited by hydrogen. 


H.0 co II 

L„CuH-* L„CuOH-* L„CuC—OH-* 

L„CuH + C0 2 -» L„CuO,CH ( 15) 

L„CuH —» L„CuHt + -OH *2% 

O 

L„CuCO + + H, L„C'uC—OH (16) 

The results summarized in Scheme 5 indicate that in the presence of 
hydrogen, protic solvent, or hydride donors or acceptors, the formato ligand 
in (Ph 3 P) 2 Cu0 2 CH is neither reduced nor transformed into organic formate 
(see below). 


L,CuOCOH 



Scheme 5 


Other decarboxylation reactions of transition metal formato-derivatives 
appearing in the recent literature include the following investigations. Roper 
and Wright (66) have shown that the MR(^ 2 -0 2 CH)(CO)(PPh 3 ) 2 complexes 
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(M = Ru or Os, R = o-tolyl) undergo decarboxylation to afford the c/s-hy- 
drido-aryl complex in the case M =Os(II) [Eq. (17)], with reductive-elimi¬ 
nation of RH occurring additionally for the case M = Ru(II) (Eq. (18)]. In 
the latter instance ortho-metallation of triphenylphosphine occur concomi¬ 
tantly providing species 17. A similar ortho-metallated product is noted 
during prolonged refluxing ofOsR(H)(CO)(PPh 3 ) 3 in benzene. An intrigu¬ 
ing reaction of Ru(CO)(PPh 3 ) 3 with formaldehyde resulted in production of 
the Ru(II) methyl derivative (18). 


VVh 

B | V ( “ C ° 2) 

PPhg 


’NT 

R^Th 

PPh 3 


PPh, 

co vl/°.N 

r'IV' 

PPh, 


PPhj ^ Phs 

T^p^ i cc 

(-RH) P ph » 


co C \|/ CO 
(-p Ph3 ) r ^x h 

pph 3 

PPh, 

I /CO 


Ph *Ni> 


(18) 


RutCOHPPh,), 


Ph »P h 2 

2 CH 2 0 p h,P x | p —o (-PPh 3 ) 

co^V^ 

PhjP 


PPhj 

H = C xl/°\ 

Ru ; C 
CO | ^of 
PPt^ 


-H 

(19) 


Treatment of the hydroxo(methyl)complexes, Pt(OH)Me(diphos) and 
Pt(OH)Me(dppp) (dppp = Ph 2 PCH 2 CH 2 CH 2 PPh 2 ), with formic acid has 
provided a synthesis of the corresponding O-bonded formato complexes, 
e.g., Pt(O z CH)Me(diphos) (67). These complexes were shown to slowly lose 
C0 2 both in solution and the solid state to give the hydrido(methyl)com- 
plexes. 


B. Insertion into Metal-Carbon Bonds 

The pivotal step in carbon homologation processes using carbon dioxide 
is the insertion of carbon dioxide into metal-carbon bonds. Hence, this 
insertion reaction is of paramount importance in the utilization of carbon 
dioxide as a source of chemical carbon. The generalized reaction is schemat- 
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ically represented in Eq. (20), where a metal-alkyl or -aryl group is 
transformed into a coordinated carboxylate. 

o o 

M-R + CO, -»- M-O-C—R or j)c—R (20) 


The origin of the alkyl or aryl group (R) in Eq. (20) is as well an important 
issue in the development of C, chemistry involving C0 2 . We will not be 
concerned with this question at present other than to mention that the 
carbanion in Eq. (20) is usually derived from lithium or Grignard reagents, 
or alkyl- or arylhalides [Eqs. (21) and (22)]. An alternate source, e.g., olefins, 

M-X + RLi —* M-R + LiX (21) 

M“ + RX —* M - R + X" (22) 


must be developed for large scale carbon-carbon bond-forming processes. 

The known C0 2 insertion reactions involving metal-carbon bonds have 
all resulted in carbor -carbon bond formation with possibly one exception. 
Infrared spectral and chemical evidence has been presented for the forma¬ 
tion of the metallocarboxylate ester Co(C 03 )„(COOEt)(PPh 3 ), n = 0.5-1.0 
from the reaction of Co(COXC 2 H 5 )(PPh 3 ) 2 with carbon dioxide from Vol- 
pin’s laboratory (68). Although these studies are not conclusive for “abnor¬ 
mal” C0 2 insertion, metallocarboxylate esters are well-known compounds 
which result from the nucleophilic addition of alkoxides on the carbon 
center in metal carbonyls (69). 

Some very interesting work on the reversible insertion of carbon dioxide 
into palladium -carbon bonds has been reported recently by Braunstein and 
co-workers (70). Palladium(II) complexes of ethyl(diphenylphosphino)ace- 
tate (19 and 20) were found to react with C0 2 in tetrahydrofuran under 
ambient conditions [Eq. (23)] with C-C coupling to the nucleophilic 
a-phosphino carbon of the ligand taking place (complexes 21 and 22). This 
report represents the first example where the reversible C0 2 insertion in a 
molecular complex has been fully characterized by X-ray diffraction as 
resulting from a C-C bond forming process. Figure 8 depicts ORTEP 
drawings of complexes 19 and 22. 



Ph s 



Ph oc,H 6 

y^o' H 


(23) 


19 (C N) = dmba 

I—I 

20 (C N) = 8-mq 
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(dmba) (8-mq) 

21 22 



Fig. 8. (a) The molecular structure of 19. (b) A view of the two molecules of 22 constituting 
a centrosymmetric “dimer.” Reproduced with permission from Ref. 70 . Copyright 1981 
American Chemical Society. 
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The chemistry of another reversible CO z carrier has been described by 
Saegusa and co-workers (71). These researchers reported on a Cu(I)-bicar- 
bonato complex that reversibly decarboxylates in both organic and aqueous 
solvents [Eq. (24)]. This copper(I) complex has further been shown to act as 

H0C0 2 Cu(PEt 3 ) 3 ^ HOCu(PEl 3 ) 3 + C0 2 (24) 

a carbon dioxide carrier to carboxylate cyclohexanone and propylene oxide, 
and this aspect will be examined in a later section. 

We have recently observed that anionic alkyl and aryl derivatives of the 
group 6B metal carbonyls undergo insertion reactions with carbon dioxide 
to afford the corresponding carboxylates, e.g., as depicted in Eq. (25) (44, 
72). An ORTEP representation of one such product of CO z 

CHjW(CO)? + COj — CHjCOjW(CO)j (25) 


insertion (23) is provided in Fig. 9 (73, 74). The reaction was found to be 
first-order in both metal substrate and carbon dioxide. The activation 
parameters measured for the case defined in Eq. (25) were found in tetrahy- 
drofuran to be AH* = 39 kJ mol -1 and AS* = — 167 J mol -1 , consistent 
with a concerted (I a ) mechanism (75). 

A significant rate enhancement for the C0 2 insertion process was noted in 
the presence of alkali metal counterions (Table 1), even in the highly 
coordinating THF solvent. This rate acceleration was not, however, cataly¬ 
tic in alkali metal counterion, since the once formed carboxylate was 
observed to form a tight ion pair (76, 77) via its uncoordinated oxygen atom 
with the alkali metal ion, as evinced by infrared spectroscopy in the v(C0 2 ) 
region. That is, the counterion was consumed during the carbon dioxide 
insertion reaction. 



Fig. 9. ORTEP plot of the W(C0) s 0 2 CCHy anion in 1 (40% thermal ellipsoids). Repro¬ 
duced with permission from Ref. 74 . Copyright 1982 American Chemical Society. 
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TABLE I 

Reaction Conditions of C0 2 Insertion into CHjWfCO), 11 


No. 

Additive 

Time (hr) 

Temp. (°C) 

Extent of the 
reaction* (%) 

1 

none 

24 

ambient 

-30 

2 

none 

46 

ambient 

-46 

3 

none 

24 

52 

100 

4 

Li salts c 

20 

ambient 

100 

5 

LiCW 

6 

ambient 

100 

6 

Na +< ’ 

<25 

ambient 

10(y 


<■ CH 3 W(CO) 3 PNP+, 0.01 M solution in THF, C0 2 pressure 100-300 kPa. Reprinted with 
permission from Ref. 44. Copyright 1982 American Chemical Society. 
h By IR spectroscopy of carbonyl region. 

■ LiCI, LiBr, Li0 2 CCH 3 as by-products of the CHjLiLiBr + CIW(CO)j- CH 3 W(CO)j 
reaction pressurized in situ with C0 2 . 
d 1.1 molar excess with respect to CH 3 W(CO)j. 

' NaBPh 4 fourfold molar excess with respect to CH 3 W(CO) 3 . 
f Determined as W(CO) 6 . 

No infrared spectral evidence was obtained for the interaction of the alkali 
metal counterions with either the anionic metal substrate or free C0 2 in 
THF. Hence, we envisage the transition state for processes typified by Eq. 
(25) to result from a concerted attack of the nucleophilic RM(CO)j substrate 
on the electrophilic carbon or carbon-oxygen center ofC0 2 , with the metal 
counterion serving to reduce the buildup of negative charge on the oxygen 
atom of the incipient carboxylate ligand (Fig. 10). It must be emphasized 
that conclusive verification of this suggestion must await supplementary 
stereochemical studies (see below). This mode of C0 2 activation is akin to 
the bifunctional model complexes active in carbon dioxide fixation widely 
discussed by Floriani el al. (13, 78). Additionally, the enhancement of the 
reactivity of C0 2 attendant with alkali metal ions is analogous to the rate 
acceleration observed for the S0 2 insertion reaction with (rj 5 -C 5 H 5 ) 
W(CO) 3 CH 3 in the presence of Lewis acids (79). 

s. * 

o 

4- II 

R -CV. 

v* 

- M. 


Fit;. 10. Proposed intermediate for C0 2 insertion into metal alkyl bond in the presence of 
lithium counterion. 
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Carbon dioxide insertion into the W-C bond of CH 3 W(CO)i'was not 
retarded by excess carbon monoxide. In other words, as Fig. 10 illustrates, 
the C0 2 insertion process does not involve a coordinatively unsaturated 
intermediate. This observation could only be made when an alkali metal 
counterion was present, since the rate of C0 2 insertion was much faster than 
that of CO insertion under this condition. On the other hand, 
[PNP][CH 3 W(CO) 5 ] undergoes CO insertion (80) at a much faster rate than 
carbon dioxide insertion. Both processes exhibited similar metal (W > Cr) 
and R(CH 3 > C 6 H 5 ) dependences. 

A major unanswered question in the carbon dioxide insertion reaction 
involving metal - carbon a bonds is that of stereochemistry about the carbon 
center. Migratory insertion reactions involving carbon monoxide into M -C 
bonds occurs with retention of configuration at carbon (81, 82). In con¬ 
trast, the stereochemistry at the a carbon for S0 2 insertion into 
(f/ 5 -C 5 H 5 )Fe(CO) 2 R has been shown to take place with greater than 95% 
inversion of configuration at carbon (83). In addition, the chiral iron 
complex, (r ] s -1 -Me-3-C 6 H 5 C 5 H 3 )Fe(CO)(PPh 3 )R, has been demonstrated to 
undergo S0 2 insertion with retention of configuration about the iron atom 
(84, 85). 

These stereochemistry observations for S0 2 insertion, taken together with 
first-order kinetics with respect to metal substrate, retardation by steric bulk 
in R, and rate enhancement with increasing electron density at R, have been 
interpreted in terms of an S E 2 (inversion) mechanism involving a configura¬ 
tionally stable ion pair (24) as depicted in Scheme 6 (86-88). 




6* \ / «' 

- ([Fe]—C—SO,) 



I O 

L y s-r 


, » Fe ft 
L V o-s-r 


Whether C0 2 insertion processes into metal - carbon bonds are analogous 
to the corresponding processes involving S0 2 or CO must await stereochem- 
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ical investigations employing //tra>PhCHDCHDW(CO)j which are in 
progress in our laboratory. That is, our present observations on carbon 
dioxide insertion reactions will not allow us to distinguish between pathways 
involving the transition states in Fig. 10 (concerted) or 25 (dissociative/ 
ionic). Because of the low reactivity of carbon dioxide we favor a process 
such as that shown in Fig. 10 where the metal center plays an activating role 



25 


in the insertion reaction. The increased reactivity of CH 3 W(CO)J relative 
to CH 3 Cr(CO)j, as well as the greatly enhanced rate of COS insertion versus 
C0 2 insertion, are indeed consistent with this prejudice. 

Other carbon dioxide insertion reactions into metal-carbon bonds re¬ 
ported since this area was last reviewed include the following (89, 90). 
Treatment of (^-C 5 H 5 ) 2 TiR complexes (R = Me, /-Bu, ^-CHMeCHCH 2 , 
and CMe=CHMe) with C0 2 have resulted in the formation of chelating 
carboxylate ligands bound to titanium. (91 - 93). The study involving the 
^-allyltitanium complex with a chiral cyclopentadienyl ligand provided the 
first demonstration of asymmetric carbon dioxide fixation (92). Similar 
products were obtained when vanadium complexes react with C0 2 in 
tetrahydrofuran [Eq. (26)] (94). 

2R S V • wTHF + C0 2 - V(OCOR) 2 + R 4 V • wTHF (26) 

(R = C 6 F„ n = 2; R = CHjSiMe,, n = 0) 

The paramagnetic chromium complex, Cr(o-CH 2 C 6 H 4 NMe 2 ) 3 , was 
found to insert qne C0 2 molecule to afford a chelating carboxylate group 
(95, 96). (PhCH 2 ) 2 Mn was also found to give a chelated carboxylate complex 
on reaction with carbon dioxide (97). 


C. Insertion into M-0 and M-N Bonds 

The reactions of C0 2 with metal-hydroxides, -alkoxides, and - amides 
to provide metallobicarbonates, -alkyl carbonates, and -carbamates [Eqs. 
(27)-(29)] in general do not involve activation of carbon dioxide by prior 
coordination to the metal center. These processes generally entail either 

O 


M— oh + co. 


II 

M-O—C-OH 


(27) 
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M—OR + CO, • M— O—C—OR (28) 

O 

M — NR, + C0 2 * M —O— C — NR, (29) 

reaction of a free ligand and CO z in solution followed by ligation of the new 
ligand, or direct attack of C0 2 on the coordinated ligand followed by a 
rearrangement to yield product. 

The Cu(I) bicarbonate complex previously mentioned (71) was synthe¬ 
sized by the reactions summarized in Scheme 7, which includes C0 2 
insertion into copper hydroxide and alkoxide species. The insertion reaction 
of C0 2 with metal hydroxides to form bicarbonates is believed to occur 


H,0, CO, 

Scheme 7. L = PEt, (a), f-BuNC (b). 


without rupture of the metal-oxygen bond [Eq. (30)]. Although transfer of 
an alkyl group is expected to be much less facile than a proton, C0 2 insertion 

o 

II 

M—*OH + C0 2 := M—*0—C—OH (30) 

into metal-alkoxides to provide alkyl carbonates may proceed via a similar 
mechanism. Alternatively, this reaction can take place by a ligand displace¬ 
ment process as shown in Eqs. (31) and (32). Indeed this latter pathway has 
been proposed for the reaction of Mo 2 (OR) 6 (R = Me 3 Si, Me 3 C, Me 2 CH, 

and ROH +C0 2 ^± ROCOOH (31) 

MOR + ROCOOH — MOjCOR + ROH (32) 

Me 3 CCH 2 ) with C0 2 in the presence of alcohol to afford the insertion 
products Mo 2 (OR) 4 (0 2 COR) 2 (98). 

An analogous process for the formation of carbamato derivatives con¬ 
taining the Mo=Mo unit from the reactions of l,2-Mo 2 R 2 (NMe 2 ) 4 com¬ 
pounds [R = CH 3 and CH 2 Si(CH 3 ) 3 ] with carbon dioxide has been reported 
by Chisholm and co-workers (99, 100). That is, the insertion of C0 2 into 
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Fig. 11. Central skeleton of the W 2 (0 2 CNMe 2 ) 6 molecule; dotted lines indicate the long, 
quasi-axial W-O bonds. Reproduced with permission from Ref. 100. Copyright 1982 Ameri¬ 
can Chemical Society. 

Mo - NMe 2 bonds proceeds via an amine-catalyzed sequence [Eqs. (33) and 
(34)]. In contrast to these results, when the 1,2-dialkyldimolybdenum com- 

Me 2 NH + C0 2 ^ Me 2 NCOOH (33) 

Mo—NMe 2 + Me 2 NCOOH — Mo0 2 CNMe 2 + Me 2 NH (34) 

pounds contain alkyl groups possessing /7-hydrogen atoms, the reaction with 
C0 2 yielded Mo-Mo quadruply bonded compounds (e.g., as shown in Fig. 
11) by reductive-elimination of alkenes and alkanes from carbamato inter¬ 
mediates [Eq. (35)]. 

Mo 2 R 2 (NMe 2 )„ + C0 2 (excess) —Mo 2 (0 2 CNMe) 4 + alkane + alkene (35) 

The absorption of C0 2 by copper(l) amides [Eq. (36)] most likely also 
proceeds via a carbamic acid mechanism (101). 


(-BuNC 

R 2 NCu + C0 2 -• R 2 NC0 2 Cu(/-BuNC)„ 


(36) 


IV 

CARBON DIOXIDE REDUCTION AND/OR INCORPORATION 

As we have previously discussed in Section I, the use of carbon dioxide as 
an industrial source of chemical carbon has been limited mainly to the 
production of organic carbonates, carboxylic acids, and ureas. In contrast, 
carbon dioxide has been utilized more extensively in the laboratory for the 
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production of a greater variety of compounds including alkanes, alcohols, 
formates, oxalates, and lactones (8,102). 

This section will review some recent work in the areas of catalytic and 
stoichiometric reduction of C0 2 , as well as incorporation of carbon dioxide 
into organic compounds, promoted by homogeneous transition metal com¬ 
plexes. 

There have been several recent reports of the reduction of carbon dioxide 
to carbon monoxide by transition metal complexes. Maher and Cooper (27) 
have reported that several metal carbonyl dianions can effect the dispropor¬ 
tionation of CO z to metal bound carbon monoxide [Eq. (37)] with Li 2 C0 3 

M 2 [M'(CO)„] + 2COj -* MjCOj + [M'(COU,l (37) 

n = 5, M = Na or Li, M' = W 
n = 4, M = Na, M' = Ru orFe 

serving as the oxygen sink. A mechanism involving two intermediates has 
been proposed as seen in Scheme 8. The intermediacy of species A has 
recently been confirmed by infrared and ,3 C NMR spectroscopy (22). 


2 Li + [w(co) 5 ]»- - 


[W(CO) 6 ] + LijCOj - 


iyv°-.. 

f- oc-w—c: Li 


Scheme 8 

Although not catalytic, this system is cyclic in the sense that the W(CO) 6 
may be converted back to the dianion by photolysis in the presence of NMe 3 
followed by alkali metal reduction. Labeling studies have shown that the 
carbon of the sixth carbonyl is obtained from carbon dioxide and not from 
decomposition of the transition metal carbonyl. 

RhH(PR 3 ) 3 and Rh 2 H 2 (//-N 2 XPR 3 ) 4 have also been effective at converting 
C0 2 to CO with hydrogen serving as the acceptor for the excess oxygen atom 
[Eq. (38)] (103). This process is essentially the reverse of the water-gas shift 
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Fig. 12. A view of the structure of 1. Principal bond lengths (A): Rh-C(l), 1.798(4); 
Rh-P( 1), 2.333(1); Rh-P(2), 2.332(1); Rh-0(2), 2.075(2); 0(2)-C(2), 1.283(4); C(2)-0(3), 
1.243(4); C(2)-0(4), 1.336(4). Principal bond angles (°): C(l)-Rh-P(l), 89.1(1); C(l)-Rh- 
P(2), 91.8(1); 0(2)-Rh-P(l), 90.4(1); 0(2)-Rh-P(2), 88.7(1); Rh-0(2)-C(2), 118.6(2); 
0(2)-C(2)-0(3), 124.8(3); 0(2)-C(2)-0(4), 113.2(3); 0(3)-C(2)-0(4), 122.0(3). Repro¬ 
duced with permission from Ref. 104. Copyright 1982 American Chemical Society. 


RhH(PR ^ 3 , i ho- R hH,(0 ! C0H)L, + Q y — RhLj(CO)(OjCOH) 
R^H^-N^PR,)*) H a O CO a 

L = P(i-Pr) s> Pfc-CeHjj 


HjO 

(38) 


reaction [Eq. (2)], the driving force being the strength of the metal-carbon 
bond. 

In a closely related study, complex 26, where L = PPh 3 , has been pre¬ 
pared in the absence of water by Nicholas and its structure has been 
determined by X-ray crystallography (Fig. 12) (104). Investigations employ¬ 
ing a Rh - D complex, coupled with the lack of sensitivity of the reaction to 
H z O, led these researchers to propose a route involving rhodium promoted 
reductive disproportionation of CO z followed by hydrogen transfer from Rh 
to the oxygen of the coordinated carbonate (Scheme 9) (105). 

Phosphines may also serve as oxygen acceptors in C0 2 reduction. Both 
(Ph 3 P) 3 RhCl and [(cyclooctene) 2 RhCl] 2 are capable of catalyzing the redox 



Scheme 9 
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reaction of C0 2 with phosphine [Eq. (39)] (106). The reaction was con¬ 
ducted in 

C0 2 + PRj L ’ RhC - - OPR, + CO (39) 

refluxing decalin under an atmosphere of C0 2 and was found to be depen¬ 
dent upon the nature of the phosphine used. The author suggests a mecha¬ 
nism (Scheme 10); however, to date no detailed mechanistic study has been 
undertaken. 

(co.) 



Scheme 10 


Fisher and Eisenberg (107) have reported on the electrocatalytic reduc¬ 
tion of carbon dioxide using macrocycle complexes of nickel and cobalt 
(e.g., complex 27). An indirect electrochemical reduction of C0 2 was ac- 



27 


complished at potentials between —1.3 and —1.6 V versus SCE. The major 
reduction products were CO and H 2 in the presence of a source of protons. 
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The author suggests that reduction of C0 2 may proceed via direct attack of 
CO z on a metal hydride intermediate without prior coordination of CO z to 
the metal center (e.g., analogous to species 6). 

Homogeneous reduction of carbon dioxide to ligated carbon monoxide 
has been achieved from the reaction of [Na][(t/ 3 -C 5 H 5 )Fe(CO) 2 ] with C0 2 
and two equivalents of acid [Eq. (40)] (108). Evans (23) has previously 
presented infrared spectral evidence for the existence of 28. This reduction 

(^-QH,)Fe(COk (»?*-C,H JFe(C0) 2 C0 2 - (^-C 5 H 5 )Fe(CO)t (40) 


28 29 

undoubtedly proceeds through intermediacy of the metallocarboxylic acid 
species, (^ 5 -C J H J )Fe(CO) 2 COOH, earlier reported by Grice et al. (28). 
Cutler and co-workers (108) further reduced the carbon monoxide ligand in 
29 to an alkoxymethyl ligand. 

Several groups have been successful at the catalytic conversion of carbon 
dioxide, hydrogen, and alcohols into alkyl formate esters using neutral 
metal-phosphine complexes in conjunction with a Lewis acid or base (109). 
Denise and Sneeden (110) have recently investigated various copper and 
palladium systems for the product of ethyl formate and ethyl formamide. 
Their results are summarized in Table II. Of the mononuclear palladium 
complexes, the most active system for ethyl formate production was found 
to be the Pd(0) complex, Pd(dpm) 2 , which generated 10//mol HCOOEt per 
//mol metal complex per day. It was anticipated that complexes containing 
more than one metal center might aid in the formation of C 2 products; 
however, none of the multinuclear complexes produced substantial quanti¬ 
ties of diethyl oxalate. 

An obvious initial step in the reduction of C0 2 by homogeneous systems 
involves the insertion of C0 2 into the metal-hydrogen bond to give metal 
formates. However, subsequent work by Beguin et al. (65) has shed doubt 
on the intermediacy of the formato complex in their systems (see above). 
For example, these researchers were not successful in transforming a copper 
formate derivative into alkylformate [Eq. (41)]. On the other hand, they 


Hj/EtOH 

6C0 2 + 6L + (HCuL) t — LjCuOjCH -• C0 2 + Cu(0) (41) 

were able to obtain methylformate by the hydrogenolysis of the methoxy- 
carbonyl compound 30, suggesting the possible intermediacy of alkoxycar- 
bonyl compound in these catalytic systems (102). 
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TABLE II 


Hydrogenation of C0 2 , EtOH/Et,N‘ I 


Catalyst 
(/tmol metal) 


Products (/tmol) 


ch 4 

HCOOEt 

(COOEt) 2 

(PdCldpm) 2 ‘ (340) 

250 

5 

0 

(PdCldpm) 2 (520) 

800 

2000 

1 

Pd(dpm) 2 (440) 

40 

4000 

0.4 

[Pddpm(EtOH),](BF 4 ) 2 (420) 

60 

1000 

1 

(Pddpm)„ (320) 

200 

500 

0.2 

PdCl 2 dpm (480) 

300 

250 

1 

Pd 2 Cu 2 Cl 6 dpm 3 (460) 

440 

2000 

0.6 

Pd(dpe) 2 (400) 

40 

560 

0 

PdCl 2 dpe (710) 

0 

150 

0 

Pd(PPh 3 ) 4 (480) 

20 

200 

0 

PdCI 2 (PPh 3 ) 2 (480) 

0 

350 

0.3 

[(CuCl) 2 dpm] 2 (340) 

0 

30 

0 

[Cu 3 Cl 2 dpm 3 ]Cl (410) 

0 

12 

0 

(PdCldpm)/(420) 

40 

HCONEt 2 , 1080 

(CONEt) 2 , 0 


a Reaction conditions, C0 2 (15 bars), H 2 (15 bars), EtOH (50 ml), Et 3 N (10 ml), 120°C, 
24 hr. Reprinted with permission from Ref. 110. Copyright 1981 Elsevier Sequoia S.A. 
‘Solvent C 6 H 6 (50 ml), EtOH (5 ml). 
f Solvent C 6 H 6 (40 ml), Et 2 NH (10 ml). 


CIHgCOOCHj H,/MeOH 

Cl 2 PdL 2 -- L 2 ClPdCOOCHj-• HCOOCHj (25%) (42) 

30 

Preliminary studies on the catalytic conversion of carbon dioxide, hydro¬ 
gen, and alcohols into alkyl formates using tungsten and ruthenium cata¬ 
lysts are not, however, inconsistent with metalloformate intermediates 
(111). For example, we find comparable activity for the formation of methyl 
formate employing either /i-H[W 2 (CO), 0 ]“ or W(C0) 5 0 2 CH“ as catalysts. 
Similarly HRu 3 (CO) 7 , and Ru 3 (CO) l0 O 2 CH _ (9) are equally active catalysts. 
It should nevertheless be clearly stated that the nature of the active catalyst 
in these cluster systems is not well understood at this stage in time. After 
24 hr of catalysis (five to six turnovers at 125°C, 250 psi CO z and 250 psi H 2 
loading pressures) the ruthenium species isolated in good yield is 
H 3 Ru 4 (CO) 7 2 . This tetranuclear species was subsequently found to be a 
more effective catalyst than either HRu 3 (CO) 7 , or HRu 3 (CO) )0 O 2 CH _ (see 
Table III). Efforts are currently underway in our laboratory to better under¬ 
stand the mechanistic details of these important catalytic processes. 
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TABLE III 

Synthesis of Methylformate by C0 2 Reduction with Molecular Hydrogen in 
the Presence of Methanol Using Ruthenium Clusters as Catalysts 


Run 

Catalyst 

[cat] (M~> X 10 J ) 

Turnovers per day 

1 

[PNP][HRu 3 (CO) n ] 

9.25 

4.1 

2 

[PNP][Ru 3 (CO) I0 (/i-HCOj)] 

9.17 

5.7 

3 

Ru 3 (CO), 2 

9.18 

0.3 

4 

[PNP][H 3 Ru 4 (CO) 12 )« 

9.20 

7.3 

5 

[PNP][H 3 Ru 4 (CO) i2 ]* 

9.19 

Traces 


° Solid recovered from run No. I. 

b Solid recovered from runs I and 2. Reaction carried out in the absence of hydrogen. 


In an earlier related study, Evans and Newell (112) demonstrated the 
anionic iron carbonyl hydrides [HFe 3 (CO) M ][PNP] and [HFe(CO) 4 ][PNP] 
to be catalytically active for this reaction, generating yields no greater than 
5.8:1 moles of formate per mole of catalyst precursor. The low yields were 
attributed to catalyst degradation caused by oxidation by carbon dioxide as 
evidenced by the detection of carbonates in the system. 

2-Methyl-2-propenyl-3-methyl-3-butenoate and 2-methyl-2-propenyl-3- 
methyl-2-butenoate may be produced by the stoichiometric reaction of 
dichlorobis(2-methyl allyl)bis(diphenylphosphinoethane) dipalladium (31) 
with carbon dioxide in acetonitrile (113) [Eq. (43)], to give an overall 45% 
yield of the esters. 



(diphos) 

(43) 


Methylation of the various RR 'NC0 2 Cu • (/-BuNC)„ compounds, pre¬ 
pared by the addition of CO z and three equivalents of /-BuNC to a benzene 
solution of RR'NCu [Eq. (36)], has resulted in formation of the correspond¬ 
ing carbamates (see Table IV) (101). These researchers have as well found 
the copper(I) bicarbonate complexes, H0C0 2 CuL 3 (32a, L = PEt 3 and 32b, 
L = /-BuNC), to be effective at carboxylation of cyclohexanone in the 
presence of a stoichiometric quantity of water (71). The transcarboxylation 
of cyclohexanone [depicted in Eq. (44)] is proposed to proceed via a 
dicopper(I) complex (33). 



TABLE IV 

Analytical Data and Properties for R'R 2 NCu a 


R‘R 2 NCu 

4 

formation (%) 

% Cu content 

Found Calc. 

% 

R'R 2 - 

NC0 2 Me 

Dec. 

temp. 

CO 

HjNCu 

100 

80.0 

79.9 

17 

ca. 90 

n-BuNHCu 

98 

46.1 

46.8 

44 

ca.70 

/-BuNHCu 

87 

46.2 

46.8 

68 

> 140 

Et 2 NCu 

92 

47.0 

46.8 

71 

ca. 90 

m-Bu 2 NCu 

95 

33.5 

33.1 

76 

ca. 110 

C ncu 

90 

42.1 

43.0 

56 

ca. 105 

(/ \lCu 

100 

46.0 

46.8 

60 

ca. 125 

Qhnhc 

88 

38.5 

40.8 

55 

ca. 90 


“ Prepared by the reaction 



Reprinted with permission from Ref. 101. Copyright 1981 American Chemical Society. 



.COOH 
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Transition metal complexes have proved very useful in both the catalytic 
and stoichiometric production of cyclic lactones. A series of palladium(O)- 
phosphine complexes have been shown to be effective for the conversion of 
three-membered ring systems to cyclic lactones [Eq. (45)] (114). When 
isopropylidenecyclopropane and [Pd(dba) 2 ]-PPh 3 (dba = dibenzylidenea- 
cetone)(4:1) in benzene were treated with 40 atm carbon dioxide at 126°C 
for 20 hr, 69% of the lactone (34) was formed. In contrast, when 
[Pd(diphos) 2 ] was used as the substrate under similar conditions 48% of 35 
was produced with only trace amounts of 34. None of the complexes 
appeared to be active for terminal alkenes such as 36 or 37. 

34 35 36 37 

R = Me 

(45) 

Rh(diphos)(r/-BPh 4 ) has been found to be a methylacetylene oligomeriza¬ 
tion catalyst which produces a variety of linear and branched dimers, as well 
as linear and cyclic trimers. When the reaction was carried out in the 
presence of carbon dioxide, a small quantity of 4,6-dimethyl-2-pyrone was 
also produced (115). 

Lactones have also been prepared by the stoichiometric reaction of 
?/ 3 -allylnickel complexes with carbon dioxide [Eq. (46)] (116). rp- Allyl- 
nickelvinylacetate (38) has been suggested as an intermediate in this process. 



38 


|140°, DMF 

^Cr^O Qs. 

Support for this type of an intermediate has been found in the isolation of an 
f/'^-bisallylpalladium phosphine complex, (?/ 1 ,?/ 3 -C 3 H 5 ) 2 PdPR 3 (R = CH 3 
and C 6 H n ) by Jolly and co-workers (117). These complexes were found to 
insert C0 2 to form the palladium carboxylate (39), which upon addition of 
two equivalents of CO eliminated 2-propenyl-2-butenoate (40) [Eq. (47)]. 
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vW 


(47) 

The oxanickelacyclopentenone (41), formed from 2-butyne, C0 2 , and 
nickel(O), was found to undergo reaction with activated alkynes by insertion 
to provide oxanickelacycloheptadienones (42) [Eq. (48)] (118). These novel 



41 o 


42 

nickel complexes were suggested as intermediates in the nickel-catalyzed 
synthesis of 2-pyrones from alkynes and C0 2 . 

Dohring and Jolly (119) have reported on the catalytic cooligomerization 
of allene and carbon dioxide to give a mixture of esters, a lactone, and 
non-oxygen-containing oligomers. The transformation was accomplished 
using a catalyst mixture of (i/ 3 -C 3 H 5 ) 2 Pd and bisdicyclohexylphosphinoeth- 
ane. The maximum yield of oxygen-containing compounds (43-45) was 
40%, of which nearly 15% was the lactone. 



43 44 45 


Another allyl compound which reacts stoichiometrically with carbon 
dioxide is (f/ 5 -C 5 H 5 ) 2 Ti( 1-methylallyl) (120). The titanium acetate complex 
which is formed is interesting in that the carbon dioxide carbon atom is 
attached to the substituted end of the allyl. It seems unlikely, then, that the 
product is the result of C0 2 insertion into the ty'-methylallyltitanium bond 
in view of the fact that methyl-substituted allylstend to form rj l -complexes 
in which the metal is bonded to the least substituted end of the allyl. One 
possible explanation offered by the authors is that the allyl is bonded to 
titanium at the methylene carbon, but that rearrangement occurs subse¬ 
quent to adduct formation [Eq. (49)]. 



Activation of Carbon Dioxide 


163 


CpjTi 


CO, 


Cp^P^-R 

N Q:C=0 




(49) 

Several groups have been investigating the use of transition metal com¬ 
plexes for the catalytic conversion of hydrosilanes to silyl formates [Eq. 
(50)]. The anionic trinuclear cluster [HRu 3 (CO) M ] _1 has been effective for 

C0 2 + HSiRj - HCOjSiRj (50) 

this process and has the advantage of operating at moderate temperatures 
and pressures yielding high turnover numbers (121). [HRu 3 - 
(CO), 0 (SiEt 3 ) 2 ] -1 was isolated from the system and it is proposed that the 
initial step in the process is activation of the hydrosilane by the complex 
(Scheme 11). 


[HRustCO),,]' 

L_ 


H, 

EtjSiH CO 




CO, E^SiOOCH 
+ + 

H, CO 

[HRu,(CO) 10 (SiEg,r -— [H,Ru,(CO) 11 ]- 

_ + co _| 

Scheme 11 


Under similar reaction conditions [RuCl 2 (PPh 3 ) 3 ] has also been found to 
catalyze the conversion of hydrosilanes to silyl formates (122). 


V 

CONCLUDING REMARKS 

In this review we have attempted to cover the very recent literature 
relevant to the coordination chemistry of carbon dioxide and its use as a 
source of chemical carbon. We have omitted similar investigations involv¬ 
ing the more reactive substrates, carbon disulfide and carbonyl sulfide. The 
reader is referred to a recent review by Ibers (123) which has contrasted the 
behavior of these sulfides to carbon dioxide. Likewise we have, as stated at 
the onset, elected to neglect heterogeneous processes involving the reduction 
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of carbon dioxide. These can range from the use of organometallic com¬ 
pounds adsorbed on oxide supports [e.g., ruthenium carbonyl clusters 
{124)] to more traditional dispersed metal catalysts on inert supports. This 
omission is somewhat compensated for by our inclusion of Ref. 125 -142, 
which represent some of the important current efforts in this area. 

It should be apparent from our coverage that we have just begun to 
understand the chemistry associated with the activation of carbon dioxide. 
However, efforts are presently being intensified in this area and it appears 
safe to predict that major advances in this field will occur during this decade. 
Clearly, one of the greatest challenges for the organometallic chemist will be 
to find potential catalysts which activate CO z and H 2 simultaneously. 
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I 

INTRODUCTION 

Cluster chemistry is textbook chemistry today (7, 2). A tremendous 
amount of work has been accumulated during the last decade, allowing one 
to state that the chaos of facts is gaining shape and character. There is a solid 
basis for the understanding of structure, bonding, and stability of organo- 
metallic cluster compounds. It rests on the work of many synthetic cluster 
chemists around the world, led by the late P. Chini and his successors in 
Italy, by the teams of J. Lewis and F. G. A. Stone in England, by L. F. Dahl, 
H. D. Kaesz, and many others in the United States, by L. Marko in 
Hungary, and by active research groups in Germany and France. Clusters 
with up to 55 metal atoms have been prepared (i), and a reasonable 
systematization of synthetic strategies and cluster compositions exists. 

On this basis cluster reactivity, too, is beginning to be understood. 
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Reactions on the outside of clusters have been investigated in considerable 
detail, including reactivity modifications of organic ligands ( 4), unusual 
binding of organic substrates to several metal atoms (5, 6), reactions of 
cluster-bound carbon atoms (7) or methylene groups (8), and ligand flux- 
ionality (9). The relation between clusters and surfaces (70, 77), and the 
cluster catalysis discussion (72, 13) are to be considered in this context. In all 
these cases the cluster can be called a substituent of the organic moiety. The 
cluster core modifies external properties, but hardly ever changes itself. 

If one considers that, except for the heaviest transition metals, metal- 
metal bonding is not stronger than metal-ligand bonding (14), it becomes 
obvious that the cluster core itself should participate in many cluster 
reactions irrespective of the ligand types, sizes, or geometries. This way of 
looking at cluster chemistry was the reason for choosing the title for this 
review. Basic metal cluster reactions are understood to be those affecting the 
cluster core, its composition, shape, size, charge, oxidation state, or bonding 
situation. Basic cluster chemistry is the “metallic” part of organometallic 
cluster chemistry. It utilizes the properties of metal-metal bonds and is 
therefore an extension of metal-metal bond chemistry (75). Basic cluster 
reactions are not limited to certain metal or cluster types. One prerequisite 
for facile reactions, metal-metal bond lability, is exemplified by the light 
transition elements (75, 16). An equally important one, nondisruption of 
the remaining cluster framework, is better illustrated by the heavy transition 
elements (77, 18). And furthermore, metal-metal bond polarity is best 
provided by the large goup of mixed metal clusters(76, 19). The field of basic 
metal cluster reactions, although many have yet to be discovered, should be 
wide and varied. 

For the purposes of this review a cluster is considered to contain at least 
three interconnected metal atoms. The chemistry considered is “core” 
chemistry as outlined above. A clear-cut separation between basic and 
external cluster chemistry is not possible. A few borderline cases will be 
treated here. Others, such as the complete breakdown of clusters into mono- 
or dinuclear units, the incorporation of interstitial atoms, metal-metal 
bond length variations due to ligand variations, cluster transformations with 
unsystematic changes in cluster size, reactions not starting from clusters, 
oxidative additions of ligand units to clusters, and cluster-assisted ligand 
transformations (exemplified by many hydrocarbons and organic nitrogen 
compounds), will not be considered. The literature of cluster chemistry has 
been surveyed up to and including 1982. 

This is a selective review. It tries to be comprehensive only in naming all 
types of reactions and stressing the important ones. As compared to the 
voluminous part of the cluster literature, which justifies itself by repetitive 
reference to organic synthesis and catalysis, it attempts to present an inor- 
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ganic chemist’s view of the field: closer to basic research, emphasizing 
possibilities rather than applications, and once in a while allowing the 
aesthetic thrill to be its only motivation. 


II 

ELECTRON TRANSFER REACTIONS 

Addition or removal of electrons, the simplest type of chemical reaction, 
is much more common for transition metal than for main group element 
compounds. And among the metal complexes the clusters are predestined 
for this process. Just as increasingly delocalized systems open up the field of 
organic electrochemistry, so accumulation of metal atoms brings variety 
into transition metal redox chemistry. Nature “knew” this in using iron- 
sulfur cluster proteins for multistep redox systems, which chemists are now 
trying to model in more and more detail ( 20 , 21 ). And cluster-associated 
organic chemistry has shown that the cluster can act as an electron reservoir 
with charge donating as well as charge accepting properties ( 4 , 6 ). Amazingly 
little use has been made of this in redox catalysis, and the number of cluster 
types subjected to redox investigations remains relatively small. 

It cannot be stated with certainty yet which types of organometallic 
cluster are well suited as redox systems, or whether the number of accessible 
oxidation states increases with the size of the cluster. It seems that the binary 
metal carbonyls and simple derivatives thereof do not give stable radical 
ions ( 22 ). Cyclopentadienylmetal clusters, however, have a rich redox chem¬ 
istry ( 23 ). The highest number of reversible electron transfers has been 
reported for clusters with /i 3 bridging ligands, culminating in the cubane-de- 
rived Fe 4 S 4 systems. The bridged structures include species with M 3 E(E = S, 
PR, CR, etc.), M 3 E 2 (E = S, PR, CO), and M 4 E 4 (E = S, SR, NR, CO) cores. 
Bridging sulfur ligands especially favor the accessibility of more than one 
oxidation state, but not without the presence of other favorable ligands. 
Thus, the electrochemistry of the compound S 2 Fe 3 (CO) 9 is poor compared 
with that of the isoelectronic S 2 Co 3 Cp 3 ( 24 ), as is the electrochemistry of 
[(CO) 3 Mn—SR] 4 or [(CO) 3 Fe—AsR] 4 compared with that of similar cu- 
bane-like Fe 4 S 4 systems ( 25 ). A number of stable paramagnetic ionic cluster 
compounds have been isolated, and the highest number of accessible redox 
states, namely, between — 1 and + 5, was reported for S 2 Ni 3 Cp 3 ( 24 ). These 
numbers cannot compare, however, with the number of stable anionic 
cluster compounds in which negative charges provide the correct electron 
count, and which were formed by hard base induced disproportionation 
reactions, or by chemical reductions accompanied by ligand removal. 
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The redox potentials of clusters in general follow the trends predicted 
from electron density arguments (24-28). Thus electron donating ligands 
like Cp or PR 3 groups make reductions more difficult, and provide stability 
for cations. In a series of M 3 E clusters (26) with a variety of metal (Fe, Co, 
Ni, Mo, W) and // 3 ligands (S, PR, CR, GeR), the first reduction occurs over 
a narrow potential range supporting the idea (see below) that the HOMO 
and LUMO have predominantly metal d orbital character. Ligand influ¬ 
ences decrease in the order Cp/(CO) 3 > /i 3 -PR/// 3 -S > /i 3 -CMe/// 3 -CPh 
where the ligand listed lastly in each pair makes reduction easier. The effect 
of changing the metal atoms seems to be small, but it is difficult to assess this 
factor when it is accompanied by a change of ligands. The presence of one 
electron in excess of the noble gas configuration is not unusual for these 
systems, as is shown by the stability of the paramagnetic clusters SCo 3 (CO) 9 
and RPCo 3 (CO) 9 . 

By means of their electron spin resonance (ESR) activity the cluster 
radical ions permit examination of their electronic structure. This was first 
demonstrated fifteen years ago by an elegant single crystal ESR study of 
paramagnetic SCo 3 (CO) 9 diluted in the diamagnetic host SFeCo 2 (CO )9 (29), 
and later confirmed by a solution ESR study of PhPCo 3 (CO )9 and 
PhPFeCo 2 (CO >9 (30). The electron in the HOMO of ECo 3 (CO) 9 or in the 
LUMO of EFeCo 2 (CO) 9 was identified as residing in a metal-metal anti¬ 
bonding orbital with predominantly metal <af character, with no contribution 
of the ^ ligand, and only small contributions of the terminal ligands. 
Detailed ESR investigations on the radical anions of SFeCo 2 (CO) 9 (31), 
RCCo 3 (CO )9 (27,28), and a series of other M 3 E systems (26), supported by 
EHMO calculations (32), have quantified these findings and lead to the 
conclusion that in the mixed metal M 3 E clusters the spin density is no longer 
equally distributed over all three metal atoms. For instance, in SFeCo 2 (CO) 9 
it is 30% at each cobalt and 15% at the iron atom. Common to all ESR 
observations is the metal-metal antibonding nature of the LUMO accord¬ 
ing to a weakening of the metal framework upon reduction. 

These relationships between orbital occupancy and metal-metal bond¬ 
ing are the basis for the systematic structural variations between clusters of 
equal or similar composition but different electron count. This again was 
first noted for the prototype “couple” SCo 3 (CO) 9 /SFeCo 2 (CO) 9 (29) and 
repeated for the “couple” PhPCo^CO^/PhPFeCo^CO^ (30), where owing 
to one antibonding electron the metal - metal bonds in the Co 3 clusters are 
10 pm longer than in the FeCo 2 clusters. In larger cluster pairs such as 
(CpNi) 6 /(CpNi)£ (33) this effect is much smaller. If one adopts metal 
replacements as above (e.g., Fe for Co) so they are equivalent to one electron 
transfers, then this approach can be extended to larger series of clusters. 
Dahl and co-workers have investigated two such series of M 3 E 2 (34-37) and 
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TABLE I 


Metal-Metal Bonding in M 3 E 2 and M 4 E 4 Clusters 


MjE 2 cluster 

z 

M - M bond orders 

M 4 E 4 cluster 

Z 

M - M bond orders 

CpjCoj(SXCO) 

48 

3-1 

Cp 4 Fe 4 (CO) 4 

60 

6-1 

Cp 3 CoNi 2 (CO) 2 

48 

3-1 

[Cp 4 Fe 4 S 4 ] 2+ 

66 

2-0,4-* 

Cp 3 Nij(CO) 2 

49 

3’i 

[Cp 4 Fe 4 S 4 ] + 

67 

4'*. 2-1 

[Cp 3 Co 3 S 2 ] + 

49 


Cp 4 Fe 4 S 4 

68 

4-0, 2-1 

[Cp 3 Ni 3 (CO) 2 J- 

50 

3'i 

[Cp 4 Co 4 S 4 ] + 

71 

2-0,4-* 

Cp 3 Co 3 S 2 

50 

3*1 

Cp 4 Co 4 S 4 

72 

6-0 

CpjNijSj 

53 

3'i 





M 4 E 4 (38-41) compounds where the total number of valence electrons, Z, is 
directly related to the degree of metal-metal bonding in the M 3 resp. M 4 
frameworks. Table I summarizes their results. 

Whereas in ligand bridged dinuclear complexes, removal or addition of 
two electrons makes or breaks one metal-metal bond (15) this does not 
seem to be the case for clusters, presumably because of their delocalized 
bonding. At least for one case, however, two-electron reduction can induce a 
significant change in cluster shape (18,42): the 84-electron cluster Os 6 (CO ) 18 
with framework 1 is easily reduced to the 86 -electron anion Os 6 (CO )? 8 
with framework 2 , in accordance with skeletal electron counting rules. 


^Os 

Os —-i—MDs 



Os*(CO), a 



[0s«(C0) 19 J*- 


III 

REACTIONS INVOLVING UNIDENTATE REAGENTS 

Possible unidentate reagents are atomic cations and other simple electro¬ 
philes as well as atomic anions and other simple nucleophiles. They can 
react with the cluster with or without change in the electron count as well as 
with or without change in cluster core shape. Not considered here are 
nucleophilic ligand substitutions or reactions in which the number of metal 
atoms in the cluster changes (cf. Section V). 
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A. Acid-Base Reactions 

Many neutral clusters and all anionic clusters are Bronsted acids. The 
corresponding protonation reactions and the stability and fluxionality of 
their products have been reviewed in detail (43). Up to two protons can be 
added to electron-rich neutral clusters, and up to four negative charges can 
be accommodated on cluster anions. By nuclear magnetic resonance 
(NMR) spectroscopy and crystal structure analysis, it has been found that in 
most cases the hydrogen atoms in clusters occupy edge-bridging positions 
(43-45), in accord with theoretical calculations (46) and electron density 
arguments. 

No other simple electrophile has been found to add to the metal atoms in 
clusters. Size effects seem to prevent this and lead to attachment at the point 
of highest electron density in the ligand sphere. This is the reason for the 
coordination of main group element electrophiles at the oxygen centers of 
bridging CO ligands (47), or of metal carbonyl fragments at /r 3 sulfur ligands 
(48). Notable examples of unusual reaction pathways resulting from pro¬ 
tonation and methylation are 3 to 4 and 3 to 5 (49), and the protonation of 
the isostructural iron and osmium anions 6 to 7 and 6 to 8, which in the iron 
case even results in an O-H bond (50). The fact that many cluster anions 
cannot be protonated to give stable neutral cluster hydrides may be due to 
inaccessibility of the cluster core to the proton. 





6a: M=Fe 6b:M=0s 
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Some striking demonstrations of metal-metal bond lability are provided 
by cluster rearrangements due to protonation. This is the case for some 
anionic osmium clusters (cf. Section VI). It involves ligand activation for 
some tetrairon clusters (57-55). Thus, the clusters 9 and 11 open up upon 
protonation, and compensation for the lost iron - iron bonds in the products 
10 and 12 comes from the bonding between one iron atom and a carbonyl 
oxygen. The relation of these unusual nucleophile-electrophile interactions 
to cluster-induced CO transformations is obvious. 



[Fe 4 (C0) 13 ]a- 



Fe 




[Fe«(C0)ia(C0Me)]- 

11 


HFe 4 (C0) 12 (C0Me) 

ia 


B. Addition and Elimination Reactions without Change of the 
Cluster Shape 

The weakness of most metal-metal bonds compared with metal-ligand 
bonds makes cleavage of metal-metal bonds by nucleophiles a common 
process (75). In the case of metal-metal double bonds this corresponds to 
nucleophilic addition to the metal-metal bonded systems. Since unsatu¬ 
rated clusters exist which can be considered to contain metal-metal double 
bonds, this should be an important aspect of substrate activation by clusters. 

Most of the clusters not obeying the 18-electron rule contain early or late 
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transition metals where the d 4 situation or 16-electron configurations are 
not unusual (54-56). Correspondingly, these clusters do not clearly show 
unsaturation in their reactions. There are, so far, three cluster types for 
which localized metal-metal double bonds are documented. Of these 13 
and 14 are isoelectronic and structurally related, whereas type 15 allows 
variations of M and R. 


R 



16 17 18 


The cluster 13 does not react with simple nucleophiles. The electrophile 
iodine, however, introduces I + as a two electron donor leading to the iodo 
bridged cluster 16 (57). The cluster 14 adds several different donor ligands to 
form 17. Some of these reactions are reversible with reformation of 14 or 
derivatives thereof (55, 59). The iron cluster 15a reversibly adds CO. After 
the addition of phosphine ligands, CO can be eliminated, and several PR 3 
groups can be introduced into 15a by such addition-elimination cycles (60, 
61). In each case the cluster shape does not change significantly upon 
addition, and the incoming ligand is accommodated in the ligand sphere. Of 
the cluster pairs 13/16,14/17, and 15/18, all three unsaturated clusters were 
discovered first. No known cluster has been found so far to undergo ligand 
elimination with formation of metal-metal double bonds. However, ligand 
substitutions including those with potential in catalysis may proceed 
through such intermediates, just as the addition/elimination cycles of 14 
and 15a correspond to CO substitutions. 
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C. Metal-Metal Bond Breaking or Making by Addition or 
Elimination of Nucleophiles 

Degradation by nucleophiles is the most common cluster reaction (5, 6). 
Accordingly, clusters like Fe 3 (CO) 12 or Co 4 (CO), 2 are frequently used as 
sources of monometallic units. In order not to obtain total degradation 
strong metal-metal bonds must be present, or the cluster core must be 
stabilized by bridging ligands. In these cases, single metal - metal bonds may 
be broken by adding donor ligands with concomitant opening of the cluster 
framework. This reaction and its reversal make new cluster shapes and new 
modes of substrate activation accessible. The significance of this was only 
recently discovered (12, 15), making it an active field of current cluster 
chemistry (16, 17, 62). 

A prototype reaction scheme is illustrated by the interconversions among 
19,20, and 21 (63). Although two of the three metal-metal bonds in 19 are 
lost by addition of CO or phosphine ligands, the cluster does not lose its 
identity and is reformed by CO removal. The rigidity given to the cluster 
framework is sufficient even to maintain the optical activity of the clusters 
22 after an analogous opening-closing cycle with CO (64). Several other 
/i 3 -ligand bridged trinuclear clusters similar to 19 (65) or 22 (66) or like 23 
(67) and 24 (68) show similar opening-closing patterns upon reaction with 
CO or phosphine ligands. One case of such reactions without the presence of 
a ^ 3 -ligand is known: the cyclic clusters Os 3 (CO) 10 (^ 2 -Hal) 2 are reversibly 
transformed into the open chain compounds Hal—Os 3 (CO), 2 —Hal by 
CO (69). 
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Increasing the nuclearity of the clusters increases the number of pos¬ 
sible opening modes. Among the tetranuclear clusters the tetrahedron - but¬ 
terfly interconversion is the simplest such mode, as observed for 
H 2 Os 3 Pt(CO) 10 PR 3 with CO, PR 3 , or AsR 3 (55). The ligand bridged systems 
25 reversibly lose two metal-metal bonds with CO, unfolding to 26 (70), a 
reaction type applicable for an extensive range of metal and bridging atoms 
(71). Moreover, in 15b the bridging phosphorus ligands allow a structural 
rearrangement under CO which involves loss of the Ru - Ru double bond as 
well as one Ru-Ru single bond during the formation of 27 ( 72, 73). 




RutiCOjutPPhJa Ru 4 (C0) 13 (PPh) a 

15b 27 


The opening of a trigonal bipyramidal cluster skeleton can be envisaged as 
proceeding through 28 -*• 31. Likewise the bicapped tetrahedral framework 
1 may be opened through the sequence 32 —■ 34. Each step involves addi¬ 
tion of one donor ligand like CO. Both beautiful series have been partly 
realized for osmium carbonyls. Thus, H 2 Osj(CO) 15 adds nucleophiles to 
form H 2 Os 5 (CO) 15 L with framework 29 ( 74), whereas Os 5 (CO) 16 adds CO to 
form Osj(CO) 19 with structure 31 (75). The cluster Os 6 (CO),g and CO yield 
Os^CO^q with the presumed structure 33. The latter reacts with P(OMe) 3 to 
give Os 6 (CO) 17 [P(OMe) 3 ] 4 with the planar framework 34 (76). This is the 
most complete cluster unfolding sequence discovered so far. 
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28 29 30 


W ; ^ ; /<Tx - 

1 32 33 34 

Two types of cluster unfolding involve initial attack of an electrophile. 
One is the above mentioned conversion of a two electron fi-CO into a four 
electron t]-CO in Fe 4 clusters after protonation or methylation (5 1-53). The 
other occurs after attack of electrophiles with unshared electron pairs like I 2 
or NO + at anionic clusters. The neutral clusters formed rearrange, such that 
a metal-metal bond is lost and the attacking electrophile becomes a 3 e-fi 2 
ligand. Examples are the NO + induced rearrangement of 35 to 36 (77), and 
the halogen induced conversion of 37 to 38 (75), which is reversible in one 
case. Even the decanuclear cluster Os, 0 C(CO)§j undergoes analogous re¬ 
versible opening of two Os-Os edges with iodine (79). The number of 
possible cluster framework interconversions is greater than that of carbon 
containing frameworks, and a lively development is to be expected in this 
field. 





Ha 12 



[t-BuSFe 3 (C0) 9 ]- 


t-BuSFe 3 (CO)„Hal 


37 


38 



180 


H. VAHRENKAMP 


IV 

REACTIONS INVOLVING POLYFUNCTIONAL REAGENTS 

Under this heading all systems having an AB 2 composition in the most 
general sense, all unsaturated compounds, and all reagents capable of 
oxidative addition are considered to be polyfunctional. In general their 
reaction with clusters will involve transformations of the cluster as well as of 
the reagent. Such reactions are therefore borderline cases in the context of 
basic metal cluster chemistry as defined above. Accordingly, most reactions 
of clusters with organic substrates, reactions where the reagent attacks the 
cluster and a ligand, or the ligand alone, and application-oriented phenom¬ 
ena will not be treated here, and reference is made to recent reviews (5,6, 8, 
13, 43, 54, 62). The discussion is limited mostly to inorganic or organoele- 
ment reagents which add to or insert into one or more metal-metal bonds. 


A. Two-Center Additions without Metal - Metal Bond Breaking 

Reactions of substrates X - Y with clusters after which X and Y are bound 
to two metal atoms may be called two-center oxidative additions, irrespec¬ 
tive of the mechanistic meaning of this term (80, 81). Depending upon the 
number of electrons introduced by X and Y, such reactions will involve 
different degrees of ligand substitution or metal - metal bond cleavage. If the 
cluster core geometry is to be maintained there has to be either a “cluster 
unsaturation” before the reaction, or a definite number of ligands, in general 
CO, has to be expelled. 

Hydrogenation is the best-known reaction of this type, due to its ease and 
due to the versatility of hydrido metal clusters (43). Hydrogen reacts under 
mild conditions with polynuclear metal carbonyls making this as important 
for hydrido cluster synthesis as is the protonation of cluster anions. In simple 
cases just one CO ligand is replaced by two hydride ligands, but frequently 
the cluster nuclearity changes indicating metal-metal bond cleavage of an 
intermediate by hydrogen. Hydrogenation of metal carbonyls is the stan¬ 
dard preparative procedure for synthesis of the important cluster hydrides of 
rhenium, ruthenium, and osmium (43). More recently, it has been applied 
to mixed metal clusters (19), two current examples being the conversion of 
Ru 2 Co 2 (CO) 13 to H 2 Ru 2 Co 2 (CO), 2 (82), and of the mixed hydrides of the 
iron triad H 2 MM^(CO) 13 to H 4 MM' 3 (CO) 12 (83). 

The favorable bonding situation between hydrogen and cluster metal 
atoms also provides some driving force for the many observed HX oxidative 
additions to clusters ranging from C-H cleavage to cluster expansion with 
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mononuclear organometallic hydrides (5, 6). Of main group element HX 
additions, X can be Cl, Br, I, O, S, N, P, As, Si, Sn, and B. If X has no 
unshared electron pairs, e.g., Si or Sn, the addition can be compared to H 2 
addition, i.e., one HX expels one CO as in the formation of 39 from 
Ru 3 (CO) 12 or Os 3 (CO) 12 and HSiCl 3 (84). All other substrates HX that have 
unshared electron pairs can add in one of two ways, as depicted in 40 and 41 
for ruthenium and osmium carbonyls. Of these, 40 corresponds to H 2 
addition with H and X as one electron ligands, whereas in 41 X has become 
a three electron ligand so that a further CO ligand has been expelled. 



SiCI 3 


M = Ru, Os M = Ru, Os M « Ru, Os 

39 40 41 

The composition 40 has been observed for hydrogen halide additions to 
Os 3 (CO), ,(NCMe) (55). The resulting compounds HOs 3 (CO),, Hal are labile 
with respect to CO elimination and formation of HOs 3 (CO) 10 Hal of type 41. 
This class of compound is preferentially formed by the addition of HHal, 
H 2 0, HSR, H 2 NR, and H 2 PR to ruthenium or osmium carbonyls (86 - 92). 
Some mechanistic insight is provided by the observations that the “double- 
bonded” cluster H 4 Re 3 (CO)7o (13) adds hydrogen halide easily without CO 
elimination (93), that Os 3 (CO) l0 (NCMe) 2 , containing two labile acetonitrile 
ligands, adds several kinds of HX easily forming products of type 41 (56), 
and that the reaction can be performed stepwise starting with CO substitu¬ 
tion by halide anions (94) or RPH 2 (92). All this means that oxidative 
addition to clusters has to be preceded by ligand elimination, i.e., develop¬ 
ment of cluster unsaturation. 


B. Capping of Metal Atom Triangles 

Almost all clusters contain metal atom triangles, which can be envisaged 
as defining incomplete tetrahedral structures. This makes it understandable 
that capping of these triangles, i.e., filling of such interstices, is a common 
cluster reaction. It occurs in cluster growth (see Section V,A), as well as 
during the multicenter activation of organic substrates. Especially, the 
triosmium cluster is able to bind to quite different triply bridging units X 
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(organic, organoelement, and inorganic) which have in common the fact 
that they result from precursors H 2 X (J, 6, 95). 

As a ligand the capping unit is a four- or five-electron donor. Its introduc¬ 
tion therefore requires the expulsion of other ligands. And if the capping 
unit comes from a precursor HX or H 2 X, a H-X splitting reaction must 
also occur which may be an oxidative addition to the cluster. Neverthe¬ 
less many capping reactions proceed easily, demonstrating the preferred 
M 3 (/i 3 X) bonding situation. The stepwise nature of the capping reactions is 
obvious in the transformation of the /i 2 -iodo bridged ruthenium and os¬ 
mium clusters 41 to the /i 3 -iodo bridged clusters 42 (85, 94). The reversal of 
such a reaction happens in the opening of 43 to 44 by donor ligands like 
C 2 H 4 , CO, PR 3 , and MeCN, where 43 can be re-formed for L = C 2 H 4 (96). 



M - Ru, Os 

42 43 44 


Generally, no intermediates have been observed for capping reactions 
introducing sulfur containing /z 3 -ligands as found in HFe 3 (CO) 9 SR or 
HRu 3 (CO),SR from HSR, or in H 2 Ru 3 (CO) 9 S from H 2 S (97, 98), or in the 
formation of H 2 Fe 3 (CO) 9 PR from Fe 3 (CO), 2 and H 2 PR (99). The inertness 
of Ru 3 and Os 3 clusters, however, allows the isolation of the intermediates 
HM 3 (CO), 0 (u-PHR) with structure 41 which are converted upon heating to 
H 2 M 3 (CO) 9 PR (91, 92,100). Since the capping group comes in as a four- or 
five-electron ligand, cluster unsaturation should favor capping. This is the 
case for the formation of [H 3 Re 3 (CO) 9 (// 3 -ER)]~ from [H 4 Re 3 (CO) l0 ]~ and 
HOR or HSR (101, 102). And for the same reason the unsaturated com¬ 
pound H 2 Os 3 (CO) 10 is the best precursor for the various H 2 Os 3 (CO) 9 (// 3 -E) 
clusters (6). 

Some four-electron capping units enter as such. This is the case for the 
many reactions forming/r 3 -sulfur ligands from elemental sulfur (103). It also 
holds for the triruthenium // 3 -nitrene cluster 45, formed from Me 3 SiN 3 and 
Ru 3 (CO), 2 (104). A versatile four-electron ligand is the acetylene moiety, 
which can add facially to M 3 units as a two-center capping group, as found in 
the clusters 46, which can be obtained from trinuclear carbonyls of iron, 
ruthenium, and osmium (105, 106). 
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(MeaSiN)Ru 3 (CO)10 M 3 (C0)„(RCCR), M= Fe, Ru, Os 

45 46 

The cluster which has so far been found to be most susceptible to main 
group element capping is RuCo 2 (CO),, (47). It reacts under mild conditions 
with all types of capping reagents according to Scheme 1, introducing 
capping units involving elements from the sixth, fifth, and fourth main 
groups (107). The driving force for these reactions comes both from the 
lability of the starting cluster 47 and from the fact that all its capping 
reactions produce the cluster type M 3 (CO) 9 (/z 3 -X) which is widely occurring 
due to its pronounced stability. The capping reaction, i.e., the/i 3 -binding by 



SeRuCo 2 (C0) 9 (R 2 C 2 )RuCo a (C0) 9 RAsRuCo 2 (CO) B 

49 52 51 

Scheme 1. Capping reactions of RuCo^CO),, (47). 


substrates, achieves two things at the same time. It puts the capping atom 
into a geometrically (and mostly electronically) favorable situation, and it 
adds stability to the cluster framework due to the “clamp” effect of the 
// 3 -ligand. It is for this reason that more often than not clusters of the 
M 3 (/r 3 -X) type are formed from the capping precursors and simple organo- 
metallic compounds which are not yet clusters (5, 103). 
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C. Addition Reactions with Cluster Unfolding 

If a two-center oxidative addition is not accompanied by ligand elimina¬ 
tion, it must involve breaking or making of a metal-metal bond (80). 
Consequently, some cluster-assisted activation reactions of organic sub¬ 
strates are accompanied by cluster opening (5, 62, 108). Their number is, 
however, small compared with the number of substrate activations main¬ 
taining the cluster shape. On the other hand, the number of simple oxidative 
additions to clusters leading to nothing but the breaking of one metal - metal 
bond is also small. There is only one known case of such a halogen addition, 
the conversion of cyclic Os 3 (CO), 2 to linear Os 3 (CO) 12 Hal 2 (109). However, 
more HX additions of this type have to be found. The unusual Os 3 cluster 53 
adds HC1 to yield 54 with a more open structure (110). And one apical 
Ru-Ru bond of square pyramidal Ru 5 C(CO) 15 is opened by HC1 or HBr 
yielding 55 where the C atom is more encapsulated, although the cluster 
framework is more open (111). 



Os 3 S(SCH 3 ) (COMPMeaPh) H0s 3 S(SCH a ) (CO) a (PMe a Ph)Cl HRusC(CO) 15 Ha 1 

53 54 55 

Another reagent capable of metal-metal bond cleavage is SnCl 4 . And 
again it requires the inertness of the trinuclear ruthenium and osmium 
carbonyls to achieve simple reactions. Os 3 (CO), 2 and SnCl 4 afford linear 
Cl-Os 3 (CO) 12 SnCl 3 (112). The cluster H 2 Ru 3 (CO) 9 S is not only opened by 
SnCl 4 , but the resulting cloride ligand also replaces one CO group moving 
into the bridging position of 56 (113). Ligand replacement and bridge 
formation also occurs upon oxidative addition of R 2 S 2 or R 2 Se 2 to 
Os 3 (CO),,(NCMe) with formation of57 (114). It is possible that a linear Os 3 
compound is an intermediate in this reaction, since linear compounds 
Os 3 (CO) 12 Hal 2 are converted by heating to triangular Os 3 (CO) 10 Hal 2 with a 
structure analogous to that of 57 (115). Bridging and capping ligands 
stabilize polynuclear compounds, and hence they make possible cleavage 
reactions that otherwise might lead to complete rupture of a cluster. The 
formation of 58 instead of cluster destruction in the reaction of 
RPFe 3 (CO)3“ with the aggressive reagent SC1 2 (116) must therefore be 
favored because of the introduction of sulfur into a capping position. 
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H 2 Ru3S(C0MCI)SnCl3 0s 3 (C0), 0 (ER) 2 Fe 3 (C0)» (PR) S 


56 57 (E = S, Se) 58 

No tetrahedron-butterfly interconversion has been achieved so far by 
metal-metal bond opening via oxidative addition to tetranuclear clusters. 
Acetylenes, however, have a strong tendency to insert into tetrahedral 
clusters of iron, cobalt, and their congeners. Reactions of this type are 
among the oldest known in cluster chemistry, the prototype being the 
formation of 59 from Co 4 (CO) 12 and RC=CR (777). During the reactions, 
ligands equivalent to four electrons are lost, one M-M bond is opened, and 
the C-C bond length approaches the single bond value. Cluster hydrides are 
good starting materials for such reactions, losing two hydrogens and one 
CO. Mixed metal clusters allow the formation of isomeric M 4 (R 2 C 2 ) units 
as found in FeRu 3 (CO) 12 (R 2 C 2 ) (775), but can also show exclusive forma¬ 
tion of one product, e.g., from the cleavage of the Co-Co bond 
in Ru 2 Co 2 (CO) 13 (82). 



Co 4 (CO) 10 (R 2 C 2 ) 0s 5 (C0)i 3 (Ph 2 C 2 ) 2 Ru 4 (C0),,(R 2 C 2 ) 2 

59 60 61 


Acetylenes can also cleave more than one metal-metal bond in clusters. 
Thus H 2 Os 5 (CO) i5 is completely unfolded to 60 by two acetylene ligands 
(779). The monoacetylene butterfly species Ru 4 (CO) 12 (R 2 C 2 ) add a second 
acetylene molecule losing another Ru - Ru bond, to form the double-capped 
unsaturated clusters 61, the structure of which corresponds to that of the 
analogous iron compound (120, 121). In all these cases the multicenter 
interactions between the acetylene and several metal atoms, which also 
make the alkyne a good capping unit for metal triangles, serve to stabilize 





H. VAHRENKAMP 


these unusual tetranuclear clusters. The possibilities available for bridging 
and capping therefore are a major aspect of the uniqueness of cluster 
reactions. 


V 

REACTIONS CHANGING THE METAL ATOM COMPOSITION 

All cluster syntheses involve growth or fragmentation of metal atom 
aggregates. But until very recently, the buildup of clusters or the use of 
clusters as fragment sources involved empirical approaches with little pre¬ 
dictability. Only in a few cases, e.g., in the growth of rhodium clusters by 
redox condensations (Rh 4 Rh 5 Rh 6 Rh 7 ; Rh, 3 +± Rh 14 Rh 15 ) 
(122), or in the CO induced breakdown of ruthenium carbonyls (123), was 
the stepwise addition or removal of monometallic units recognized. Today a 
growing number of designed changes of cluster metal atom compositions is 
emerging, and synthetic strategies based thereon are being developed (16, 
62). Yet generalizations in this central area of basic cluster reactions are still 
difficult to make. 


A. Cluster Expansion 

Such reactions, starting from a cluster and ending with a cluster of higher 
nuclearity, must be mechanistically complex. Normally several ligands have 
to be removed and several metal-metal bonds formed. Complete mecha¬ 
nistic information is not yet available for any case. Therefore, the material 
will be organized according to reagent types. 


1. Miscellaneous Reagents, Mechanistic Possibilities 

The key step in a cluster expansion reaction is the attachment of the 
incoming metal unit. Once this has taken place, a sequence of metal-metal 
bond formations accompanied by ligand eliminations can occur which is 
the reversal of the cluster unfolding reactions described in Section III,C. In 
uncontrolled cluster expansions, the first step is the combination of coor- 
dinatively unsaturated cluster and monometallic units, and the reaction is 
unlikely to stop at this stage. Under mild conditions the attachment may 
result from a nucleophile/electrophile combination, the products of which 
have been isolable in a few cases (see below). More insight into possible 
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reaction pathways is to be expected when the incoming metal unit has a 
reactivity pattern other than the ability to lose ligands. Thus, oxidative 
addition of a M-X compound to a cluster can provide the first connection 
which is then followed by aggregation. M-Hal as well as M-H oxidative 
addition to clusters have been reported. Thus, Ph 3 P-AuCl adds to 
Os 3 (CO) 12 to form 62 (124) with external gold; and Ir(PPh 3 ) 2 (N 2 )Cl adds to 
H 2 Os 3 (CO) 10 to form 63 (125) where due to the lability of both the iridium 
and osmium reagents further ligand elimination and closing of the new 
cluster have occurred. 

(C0) 3 (PPh 3 )CO 


Os Ir 



Both HRe(CO) 5 and H 2 Os(CO) 4 can be oxidatively added to 
Os 3 (CO), ,(NCMe) (126 -128). This leads to external attachment of the new 
metal carbonyl unit as in 64 (127), and a second HRe(CO) 5 molecule can be 
incorporated the same way (126). In both cases just one metal-metal bond 
has been formed in the first step. CO elimination from 64 introduces one 
more metal-metal bond, one possible result of which is rhomboidal 65 
(126), whereas further CO elimination under H 2 leads to full aggregation to 
tetrahedral 66 (127). All three steps of a M 3 + M' capping sequence have 
thereby been performed. A similar two-step sequence leads from 
Os 6 (CO), 7 (NCMe) and H 2 Os(CO) 4 via H 2 Os 7 (CO) 21 to H 2 Os 7 (CO) 20 (128). 



H0s 3 Re(C0)„ H0s 3 Re (CO) 1S H s 0s 3 Re(C0) 12 


64 65 66 

The attachment of the incoming metal unit is possible even without 
making a metal-metal bond in the first step. Organometal dimethylarsen- 
ides Cp(CO) 3 M - AsMe 2 (M = Mo, W) act as Lewis bases, and replace CO in 
FeCo 2 (CO) 9 S to form 67. Controlled CO elimination from 67 allows the 
external Mo or W atom to utilize its capping potential and leads to the 
tetrahedral FeCo 2 M clusters 25 (70). This aggregation reaction works for 
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the starting clusters FeCo 2 (CO) 9 S, RuCo 2 (CO) 9 S, FeCo 2 (CO) 9 PR, and 
Co 3 (CO) 9 CR, in each case capping the metal triangle therein by a Mo or W 
atom (71). This sequence applied to the starting cluster FeCoMoSCp(CO) 8 
leads to 68, the first cluster with four different metal atoms (129). All these 
reactions, although not straightforward at first glance, demonstrate the 
stepwise nature of cluster expansions. 



FeC02S(CO)e-AsMe 2 -MCp(CO)3 FeCoaMSAsMeaCp(CO)a FeCoMoWSAsMeaCpa(CO)7 

67 (M = Mo, W) 25 (M - Mo, W) 68 


2. Anionic Clusters as Reagents 

Anionic clusters are good nucleophiles (see Section III,A) and are often 
easy to make. On the other hand, the electrophilic nature of most monome¬ 
tallic complexes is obvious from ligand substitutions. The combination of 
these properties makes a strategy for cluster expansion. This strategy was 
used for the first time by Hieber (130) in making Fe 4 (CO)fr from Fe 3 (CO )?7 
and Fe(CO) 5 . It is probably active in many syntheses of large metal carbonyl 
clusters because the Re, Os, Rh, Ir, Ni, and Pt clusters involved are almost 
always anionic. However, simple stoichiometries can rarely be written for 
such reactions (122). This route makes mixed metal clusters accessible, e.g., 
69 from HRu 3 (CO) 9 PPh- and Rh(CO) 3 (PEt 3 )J (131), 70 from Rh 6 (CO)fr 
and Ni(CO) 4 (132), or 71 from Ni 6 (CO)fc and W(CO) 6 (133). The potential 
of this strategy has not as yet been fully evaluated or exploited. 



Only two kinds of reagent have been extensively used for this type of 
reaction so far. These are the anionic carbido carbonyl clusters of iron and 
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the mononuclear phosphine gold compounds. Starting from Fe 4 C(CO)fr 
and the appropriate reagents the range of clusters 72 was obtained with 
ML„ = Cr(CO)§- W(CO)§- Rh(CO)j, Rh(COD)-, lr(COD)- Pd(C 3 H 5 )-, 
and Cu(NCMe) - . And starting from Fe 5 C(CO )?4 the even larger range of 
clusters 73 resulted with ML„ = Fe(CO)2-, Cr(CO)f, Mo(CO)§- W(CO)§“, 
Rh(COD)-, Rh(CO) 2 , Ni(CO) 2 , Pd(CO) 2 , and Cu(NCMe)- {134, 135). In 
both cases the incoming metal unit has completed a previously incomplete 
metal atom polyhedron. 



CFe«(C0) 13 HLn CFe s (C0),„ML n 

71 73 


The attachment of AuPR 3 units to clusters was initiated with the aim of 
experimentally testing the isolobal analogy between the H atom and the 
AuL unit {136). It then turned out that almost all hydrido clusters or their 
anions react smoothly with R 3 PAuX (X = Cl, Br, CH 3 , PF 6 ) introducing 
AuPR 3 without ligand substitution; and within the last year more than a 
dozen aurations have been described {136-146). Prominent compounds 
are 74 as the original example {136), 75 {140), and 76 {142) as clusters with 
/i 2 -Au units, 77 {137), and 78 {145) as bisaurated clusters with different core 
shape, and 79 {140) as trisaurated cluster. These compounds again teach 
something about cluster growth. Like the H atom the incoming metal unit 
finds the place of lowest steric crowding which means that AuPR 3 units can 
be fi 2 bridging and that several AuPR 3 units will be neighboring. The 
comparison of 77 and 78 shows two types of M 6 clusters with equal numbers 
of M-M bonds which may well be successive steps in a general growth 
pattern of naked clusters or metallic crystallites. Finally, auration can be the 
last step in the synthesis of another cluster with four different metal atoms, 
like in the sequence 48 -*• 80 -► 81 which involves also metal exchange as 
described in Section V,C {147). 



(R 3 PAu)FeCoafCO)la (R 3 PAu)H 2 Ru 3 (C0),(C0Me) (R 3 PAu)H0s 3 (CO) 10 

74 75 76 
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Ru - Co 



+Fe(C0) 4 2 ~ 

-Co(C0) 4 ” 




[RuFeCo(C0) 8 S]- 

80 


R 3 PAuRuFe:o(:0) 9 S 

81 


3. Anionic Mononuclear Reagents 

The reaction of neutral clusters with anionic mononuclear compounds 
has not been nearly as fruitful as the method described previously. Consider¬ 
able difficulties were found in reacting the M 3 (CO) 12 clusters of Fe, Ru, and 
Os with Mn(CO)^and Re(CO)j, due to formation of complicated product 
mixtures (148). In one case the simplest possible reaction product resulting 
from CO substitution by the metal nucleophile was obtained: Ru 3 (CO) 12 
and Re(CO)7 yielded ReRu 3 (CO)7 6 which corresponds to 64. Acidification 
of the product mixtures gave hydrido clusters like HReOs 3 (CO) 15 (65) and 
H 3 MOs 3 (CO), 3 (M = Mn, Re). The latter should have a tetrahedral MOs 3 
arrangement. 

More successful were the reactions of M 3 (CO) 12 (M = Fe, Ru, Os) with 
Fe(CO)2 _ . They result in capping of the metal triangles to form the anionic 
clusters FeM 3 (CO)fc, or the corresponding hydrido clusters (7 49, 150). The 
reaction works for mixed-metal clusters also, and has yielded the tetrahedral 
Fe 2 Ru 2 , FeRu 3 , FeRu 2 Os, FeRuOs 2 , and FeOs 3 carbonyls. Similarly 
M 3 (CO) 12 (M = Ru, Os) reacts with Co(CO )7 to yield CoRu 3 , CoRu 2 Os, 
CoRuOs 2 , and CoOs 3 tetrahedral clusters (757). One of the cluster expan¬ 
sion reactions in rhodium chemistry has been found to proceed this way: 
Rh 6 (CO) 16 adds Rh(CO )7 to form Rh 7 (CO)fc(752). It is not obvious why 
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the nucleophile/electrophile combination between clusters and mononu¬ 
clear compounds should work better one way, and it may have been only the 
greater number of experiments or available reagents which makes the use of 
anionic clusters appear more successful. 


4. Unsaturated or Labile Cluster Reagents 

Since cluster expansion normally requires removal of ligands this process 
should be facilitated by lack of ligands or ligand lability. Both assumptions 
are borne out by osmium cluster reactions. The unsaturated cluster 
H 2 Os 3 (CO), 0 reacts with several simple mononuclear organometallics (56, 
153-158). In each case the mononuclear compound is the source of the 
capping fragment and a tetrahedral dihydrido cluster is formed. Initially 
assumed to work only for nucleophilic mononuclear compounds (153), the 
process has now been generalized for 14-electron fragments (157), and 
Os 3 M clusters with M = Fe, Ru, Co, Rh, Ir, Ni, Pt, and Au have been 
obtained from H 2 Os 3 (CO), 0 . 

Further Os 3 M clusters become available from labile Os 3 (CO),,L or 
Os 3 (CO), 0 L 2 systems (L = Me 3 N, MeCN, C 8 H, 4 ). The stepwise Os 3 Re 
aggregation sequence 64 -*• 65 -*• 66 (127) proceeding this way has al¬ 
ready been mentioned. Similarly, Os 3 W capping occurs starting from 
Os 3 (CO) 10 (NCMe) 2 and HWCp(CO) 3 (159). The interesting carbyne re¬ 
agent Cp(CO) 2 W=CTol which is unsaturated itself adds to the Os 3 unit of 
Os 3 (CO) 10 (C g H, 4 ) 2 to form 82, the structure and electron count of which can 
be derived from a Os 3 W tetrahedron ora Os 3 WC trigonal bipyramid (160). 

The cluster RuCo 2 (CO),, (47) is quite labile, as was seen from its tendency 
for main group element capping leading to the clusters 48 - 52. Its tendency 
for transition element capping is equally pronounced, which makes it react 
with Co(CO) 4 to form RuCo 3 (CO)7 2 and with Ru(CO)„ fragments re¬ 
sulting from its own decomposition to form Ru 2 Co 2 (CO), 3 (161). It also 
adds Cp(CO) 2 W=CTol with formation 83 similar to 82 (107). Cluster 
unsaturation, especially in the hidden form of cluster lability, here again 
proves to be a valuable source of basic cluster reactions. 



0s 3 WCp(C0) i (CTol) 

82 



RuCo 2 WCp(C0) 1o (CTol) 

83 
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5. Mononuclear Fragment Reagents 

Since mechanistic information for cluster expansions is scarce it cannot 
be excluded that all such reactions described so far proceed via the addition 
of coordinatively unsaturated mononuclear complex fragments, even 
though they can be formulated differently. It is likely that most uncontrolled 
reactions changing the cluster nuclearity do proceed this way. However, 
there are a small number of simple cluster expansions which can be under¬ 
stood best by assuming intermediate fragments. This was already taken into 
account in the previous paragraph. It holds for the following reactions 
between clusters and simple complexes which do not bear an obvious center 
of reactivity. 

The fragments Fe(CO)„ (n = 2 or 3) and NiCp seem to be most easily 
attached to or removed from clusters since they appear in so many uncon¬ 
trolled cluster syntheses. In a designed fashion Fe(CO) 2 units can be added 
to 84 and removed from the product 15a in good yields (61). The interrela¬ 
tion of the two cluster types is obvious from their framework shapes. 
Similarly, cluster growth by Fe(CO) 3 fragment addition occurs in the se¬ 
quence 85 -*• 86 -► 87 (162). In both cases polynuclear iron carbonyls are 
the source of the Fe(CO)„ fragments. 



The dinuclear complex (CpNiCO) 2 is a source of NiCp fragments. Their 
addition to clusters occurs with Os 3 (CO), 2 to form 88 (163) or with the 
hydrocarbon bridged ruthenium clusters 89 to form 90 (164). The clusters 
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89 also add Ru(CO) 3 and FeCp fragments (765). A systematic consideration 
of the growth patterns of the higher osmium carbonyls leads to the conclu¬ 
sion that Os, and Os 2 fragments are involved in a rational way (54,62). Such 
reactions are on the borderline between systematic and nonsystematic 
cluster chemistry. Their elucidation will require improvements in the un¬ 
derstanding of metal-metal bond reactivity. 



0s 3 Ni 3 Cp 3 (C0)» HRu 3 (C0) s (C 6 H 9 ) Ru 3 Ni(CO) e Cp(C 0 H 9 ) 


88 89 90 


B. Cluster Size Reduction 

This reaction, i.e., partial removal of metal units from clusters, should be 
favored by conditions opposing cluster expansion. Thus, an excess of donor 
ligands, conditions increasing the negative charge, formation of inert prod¬ 
uct clusters, or consumption of cluster fragments should direct interconver¬ 
sion toward smaller clusters. Some generalizations in this area can already 
be reached for ruthenium and osmium clusters (54, 62). Necessarily the 
trends in metal-metal bond strengths (15) and metal-metal bond scram¬ 
bling equilibria (166) are of predictive power as to whether a certain 
cluster/fragment system will result in cluster expansion or degradation. One 
specific cause for cluster size reduction is the in situ chemical destruction of 
fragments which may result from cluster/fragment equilibria. 


1. Partial Degradation by Donor Ligands 

The total fragmentation of light transition metal clusters by donor ligands 
such as CO or PR 3 is commonplace; it is the reason for the use of such 
clusters as fragment sources. Partial metal framework opening by donor 
ligands was discussed in Section III,C. Removal of single fragments is also 
possible this way, using the appropriate starting clusters or reaction condi¬ 
tions. 

A simple realization of this concept is the removal of weakly bound (i.e., 
light transition metal) capping units from a triangle of strongly bound (i.e., 
heavy transition metal) cluster atoms by means of CO. This way 
H 2 Os 3 Co(CO) 10 Cp is converted to CpCo(CO) 2 and Os 3 (CO) 12 (158), or 
H 2 Os 3 Rh(CO) l0 (acac) is converted to Rh(CO) 2 (acac) and H 2 Os 3 (CO),, (56). 
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From each of the tetrahedral clusters H 2 FeRu 3 (CO) 13 , H 2 FeRu 2 Os(CO) 13 , 
H 2 FeRuOs 2 (CO) l3 , and HCoRu 3 (CO) 13 the light transition element is re¬ 
moved by CO leaving behind the corresponding M 3 (CO) 12 compound (767). 

Total degradation can also be avoided when the clusters involved belong 
to the Os, Ru, or Re cluster families with strong metal-metal bonds. The 
interconversion of the binary osmium carbonyls under CO has been investi¬ 
gated in detail (75, 168, 169). Os 6 (CO), 8 in solution goes to Os 5 (CO) 19 , 
which in turn transforms to Os 3 (CO) 12 . Fragmentation products are 
Os(CO) 5 and Os 2 (CO) 9 , which can also be used in the opposite sense for 
osmium cluster expansion. Ruthenium clusters are more labile to total 
fragmentation, but in a controlled fashion Ru 6 C(CO) l7 could be reduced to 
Ru 5 C(CO) 15 (VVV, V70),andHRu 4 (CO)r 3 toHRu 3 (CO)n (777)underCO. In 
rhenium cluster chemistry, HRe(CO) 5 seems to be a good leaving group. Its 
external attachment to the Os 3 cluster (see Section V,A,1) can be reversed 
with an excess of MeCN (727), and H 4 Re 4 (CO) 12 is fragmented under CO to 
HRe(CO) 5 and H 3 Re 3 (CO) 12 (772). So far, CO has been used to “extract” 
metal atoms from clusters. The applicability of other donor ligands for this 
purpose remains to be explored. 

2. Oxidative Fragment Removal 

Oxidation as a means of chemical fragment destruction is the method of 
choice to reduce carbido iron clusters in size. Normally ferric ion is used as 
an oxidant, and the clusters involved contain Fe 6 C, Fe 5 C, and Fe 4 C skele¬ 
tons (134, 135, 173). The starting clusters Fe 6 C(CO)fr, Fe 5 C(CO)fr, and 
Fe 4 C(CO)? 2 are thus interrelated by Fe fragment additions and expul¬ 
sions. Mixed iron clusters undergo the same degradations. For instance the 
hexanuclear systems 73 with ML„ = Cr(CO)§“, Mo(CO)§“, W(CO)§~, and 
Rh(CO)jare fragmented to the appropriate pentanuclear systems 72 (135). 
And the Fe 5 Au 2 cluster 91 is converted by oxidation to the Fe 4 Au 2 cluster 78 
(146). 

The external rhenium unit is removed from 92 through iodine oxidation, 
and its place is taken by an iodide ligand in 93 (7 74). The reactivity of iodine 
towards clusters therefore can lie in one-electron oxidation (Section II), 
electrophilic attack (Section III,B), or partial degradation. 



(R 3 PAu) 3 Fe 5 C(CO), 4 [H 4 Re»(C0) 1B ] 2 - [H 3 Re 3 (C0),,1]- 

91 92 93 
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3. Miscellaneous Fragmentation Reactions 

Two further methods of fragment elimination seem to be generally 
applicable: controlled pyrolysis and hard base induced disproportionation. 
The thermal Fe(CO) 2 fragment removal from 15a which completes the 
reversible interconversion of 84 and 15a (61) has already been mentioned. 
Similarly the leaving group HRe(CO) 5 can be eliminated thermally from 92 
yielding the stable unsaturated cluster H 3 Re 3 (CO)fo 13 (175). 

Hydroxide induced disproportionation has been applied to osmium clus¬ 
ters whose stability again prevents total decomposition. In most cases one 
osmium atom is removed leaving behind an anionic cluster (176, 177). 
Thus, Os 8 (CO) 22 converts into Os7(CO)2o, Os 7 (CO) 2l goes to Os 6 (CO)?jf, and 
Os 6 (CO) 18 changes into Os 5 (CO)fc. All these species can be protonated to the 
corresponding hydrido clusters. 

Controlled cluster degradation is more difficult than controlled expan¬ 
sion, due to the problem of preventing total degradation. For this reason few 
new clusters have been obtained as yet by this method. However, the mixed 
carbido iron clusters show possible future applications in providing a conve¬ 
nient entry via a cluster of an inexpensive metal which is partially degra- 
dated at the end of a synthesis sequence. 


C. Metal Exchange 

The combination of a cluster expansion reaction with removal of a 
mononuclear fragment results in a net metal exchange reaction retaining the 
overall cluster nuclearity. This simple process inevitably has a very complex 
mechanism if performed as a one-step synthesis. Nevertheless such reac¬ 
tions have been found for trinuclear clusters and systematized for three 
different kinds of reagents (16,178). 

The first observation enabling a designed metal exchange was made in 
trying to generate an external Co-M bond in the clusters 94 by CO 
elimination. Pyrolysis, however, resulted in elimination of the connecting 
Co-As unit and incorporation of the external M unit into the new trimetal 
clusters 95 (179). Subsequently, this reaction type was applied to 
SFeCo 2 (CO) 9 and its AsMe 2 -M(CO) 3 Cp attachment products 67 (180). 
Uncontrolled pyrolysis of these led to the metal exchange products 96. 
However, changing the conditions allowed a stepwise reaction sequence 
which begins with a cluster expansion to form 25, as described in Section 
V,A. Subsequently, the aggregation product 25 is partially opened and 
converted to 26, as described in Section III,C. The open cluster 26 is then 
fragmented by CO with formation of 96 and elimination of [(CO) 3 Co- 



196 


H. VAHRENKAMP 


AsMejl* (70). The important steps in this sequence are the primary attach¬ 
ment of the incoming metal unit as in 94 or 67, and the driving force 
supplied by the removal of the insoluble Co-As oligomer. Parts of the 
mechanism of this metal exchange process have thereby been elucidated and 
reconfirmed for similar sequences starting from RCCo 3 , SRuCo 2 , and 
RPFeCo 2 clusters (77). In each case it is an expansion/degradation se¬ 
quence. Moreover, starting from the corresponding MCo 2 clusters, the 
chiral clusters 96 (181), 22 (64), and 97 (182) were obtained which could be 
separated into their pure enantiomers which have extreme optical proper¬ 
ties. 

R 

- [(CO) 3 C 0 -AsMe a J 

MCp(CO ) 3 


95 (M = Cr, Mo, W) 




Cp(CO), 

96 (M - Cr, Mo, W) 


Me 



Cp(r.0) 2 

22 (h - Mo, V) 



97 (M - Mo, W) 


The second type of metal exchange rests on the fact that mixtures of 
dinuclear metal - metal bonded complexes equilibrate easily with formation 
of mixed metal complexes (766). This equilibration can include clusters and 
is accompanied by CO transfer and replacement of Co(CO) 3 units of the 
clusters by other ML„ units (107,182-184). Useful dinuclear reagents for 
this purpose are [MoCp(CO) 3 ] 2 , [WCp(CO) 3 ] 2 , [FeCp(CO) 2 ] 2 , and 
[NiCpCO] 2 . They have been reacted with RCCo 3 (CO) 9 , RGeCo 3 (CO) 9 , 
SFeCo 2 (CO) 9 , SRuCo 2 (CO) 9 , (R 2 C 2 )RuCo 2 (CO) 9 , or RPFeCo 2 (CO) 9 , and 
mixed metal clusters thereby obtained. Typical exchange products are 98 
and 99 which again have chiral frameworks. The mechanisms of these 
reactions could not be elucidated in as much detail as for the previous 
method, their yields are lower, sometimes product mixtures are formed, and 
the ability of the reagents to transfer ligands seems to play an important role 
(182). 
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98 99 100 

Just as simple dinuclear complexes can equilibrate ( 166 ), anionic mono¬ 
nuclear complexes can react with dinuclear complexes transferring their 
charge to the mononuclear fragments of those complexes (2M® + M 2 — 
M 2 + 2M ,Q ) (185). This metal exchange redox process should also be 
applicable to clusters and, as before, should be accompanied by ligand 
exchange in order to incorporate the previously anionic mononuclear units 
into the cluster. A few reactions have been observed which can be consid¬ 
ered that way. Thus, one of the products from Os 3 (CO), 2 and Mn(CO)j is 
MnOs 2 (CO)f 2 , and from Os 3 (CO), 2 and Re(CO)j after acidification 
HReOs 2 (CO) 12 was obtained (148). A similar procedure was used systemati¬ 
cally to prepare the clusters 100 from RCCo 3 (CO) 9 and Fe(CO)3 _ , expelling 
Co(CO )4 (186), and the above-mentioned sequence 48 -* 80 — 81 involves 
such a metal exchange step (147). Recently, it was found that electron 
transfer catalysis allows a nearly quantitative introduction of CpM(CO) 2 
(M = Mo, W) units into RCCo 3 (CO) 9 (187), RGeCo 3 (CO) 9 , and 
RPFeCo 2 (CO) 9 (188), by reacting these clusters with [CpM(CO) 3 ] 2 or 
CpM(CO)j in the presence of catalytic amounts of benzophenone ketyl. 
Since such reactions depend on the redox potentials of the clusters and the 
mononuclear reagents it should be possible to develop a synthetic strategy 
by arranging cluster fragments and reagents according to their displace- 
ability. 

Cluster synthesis has not reached the stage of sophistication and predicta¬ 
bility as the synthesis of hydrocarbon frameworks. Systematic cluster ex¬ 
pansion, degradation, and metal exchange, however, are reactions which are 
much more likely to work for clusters than for hydrocarbons owing to the 
inherent lability of metal complexes. This is one of the clearest demonstra¬ 
tions of the uniqueness and the future potential of cluster chemistry. 


VI 

CLUSTER FRAMEWORK REARRANGEMENTS 

The 18-electron rule generally governs the bonding in clusters with up to 
five metal atoms. The cluster core shape, i.e., the number of metal-metal 
bonds, can be deduced from the number of electrons provided by the metal 
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atoms and the ligands, with the only reservation that the atoms of Rh, lr, Pd, 
Pt, and Au sometimes require only 16 or 14 electrons. Clusters with five, six, 
and sometimes seven metal atoms can often be treated in terms of skeletal 
electron counting (189,190), describing the frameworks by the nido, closo, 
and capping formalisms. Some clusters with six, several clusters with seven, 
and all clusters with more metal atoms (122, 191) do not show obvious 
relations between their structure and electron count. In these cases packing 
possibilities and ligand stereochemistries are optimized in a yet unpredict¬ 
able way. The breakdown of the 18-electron rule beyond nuclearity five 
means that from here on a metal - metal connectivity no longer corresponds 
to a two-electron interaction, and localized bonding no longer exists. This, 
in turn, means that alternative metal frameworks with different connectivi¬ 
ties can be of comparable stability and are able to exist for compounds with 
identical electron counts. For example at least four different types of closed 
metal polyhedra exist for hexanuclear clusters: 101 (octahedron), 102 (trig¬ 
onal prism), 103 (capped trigonal bipyramid), and 104 (capped tetragonal 
pyramid), which can be adopted by clusters with the same electron counts. 
For each of these frameworks clusters with at least two different electron 
counts are known. 


^ ^ ^ 

101 102 103 104 

On this basis cluster framework rearrangements can be expected and 
understood for clusters with six or more metal atoms. So far they have been 
observed in chemical reactions of the osmium carbonyls (54, 62). Anionic 
Os^CO)?* and its protonation product HOs 6 (CO) 7 8 are octahedral, as are 
HRu 6 (CO) 7 8 and H 2 Ru 6 (CO), 8 . The second protonation, however, is ac¬ 
companied by an unpredictable framework change: H 2 Os 6 (CO), g has the 
core shape 104 (192). A similar rearrangement from a bicapped octahedron 
to a linked tetrahedral arrangement occurs upon conversion of Os 8 (CO )^7 
to HOs 8 (CO) 7 2 (193). Moreover, one and the same compound, 
H 2 Os 7 (CO) 20 , exists in two isomers, one of which has been structurally 
characterized as containing an edge bridged bicapped tetrahedron (128). 

Extensive framework rearrangements, i.e., cluster core fluxionality, has 
been found in rhodium and platinum clusters where it could be detected by 
metal atom NMR. The P-centered cluster Rh 9 P(CO)^ 7 has a capped square 
antiprism of rhodium atoms in the solid state, according to the 4:4:1 
pattern in its 103 Rh NMR spectrum at — 90°C. At 25°C it shows only one Rh 
NMR signal indicating total rhodium atom scrambling, which can also be 
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concluded from the decet 3I P NMR signal at room temperature (194,195). 
The same observations of low temperature rigidity and high temperature 
fluxionality were made for Rh 10 S(CO)£\ Rh 10 P‘(CO)k, and Rh,oAs(CO)^ 2 , 
all of which have a bicapped square antiprism of rhodium atoms in the solid 
state (196). A different kind of scrambling was found by 195 Pt NMR for the 
series of Pt 3n (CO)§~ clusters 105-108 with n = 2, 3,4, or 5. The triangles of 
platinium atoms rotate independently of one another around the molecular 
threefold axis even at — 100“C, and in mixtures of the Ptg, Pt 12 , and/or Pt 15 
compounds intermolecular exchange of Pt 3 (CO) 6 units takes place (197). 
Whereas metal - metal connections are broken and re-formed in these cases, 
more subtle changes happen during the movement of the ligand sphere 
relative to the cluster core, the well-known ligand fluxionality. When, as has 
been discussed, the Fe 3 triangle moves inside the ligand polyhedron of 
Fe 3 (CO) 12 (9), the unequally long Fe-Fe bonds of this triangle have to be 
interchanged simultaneously. And from ligand NMR spectroscopy a similar 
breathing of the metal core was deduced during the fluxional processes of 
H 2 FeRu 3 (CO) 13 , H 2 FeRu 2 Os(CO), 3 , H 2 FeRuOs 2 (CO) 13 , and phosphine 
derivatives thereof (198,199). Variable lengths of metal - metal bonds are an 
expression of their relative weakness (15). Cluster breathing, fluxionality, 
and framework changes are a unique extension of this property. 

Pt e (C0) 12 *- Pt»(C0) 18 2 - Pt, 2 (C0) 24 2 - Pt,s(C0) 3 o 2 - 

105 106 107 108 

The framework rearrangements considered so far do not involve a change 
in the electron count. This normally means that the number of donor 
ligands does not change. Many ligands, however, still have unshared elec¬ 
tron pairs, from which it follows that by changing their orientation they can 
donate further electrons. If this does not involve substitution of other ligands 
it changes the cluster electron count and thereby the core geometry. This has 
already been mentioned for the protonation induced Fe 4 rearrangements 
9 -*• 10 and 11 -*■ 12, where CO ligands reorient to donate oxygen electron 
pairs. It is an underlying principle of the 43/44 interconversions where a 
bridging SR group changes between three- and five-electron donation. It is 
likely to be involved in the cluster openings by reagents which use their 
primary function to be externally attached to the cluster, e.g., before the 
formation of 36 or 59. Also there seems to be one example of a reversible 
interconversion of this type without using a reagent. The cluster 
Os 3 (CO) 9 S(NSiMe 3 ) with an open structure like 58 with two Os-Os bonds is 
in equilibrium at high temperatures with a species in which according to ,3 C 
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NMR all three osmium atoms are chemically equivalent (200). This may 
involve changing the bridging sulfur atom from a four-electron donor to a 
two-electron donor in order to gain a third Os-Os bond and an equilateral 
metal triangle. These ligand induced cluster rearrangements are a further 
demonstration of metal-metal bond weakness as the reason for cluster 
mobility. For application-oriented purposes they may be the most impor¬ 
tant ones. 


VII 

LITTLE OR UNEXPLORED AREAS 

In the preceding sections of this article, a systematization of basic cluster 
reactions has been attempted based on the present status of knowledge. It 
can be seen that the number of reactions reported is still relatively small for 
certain reaction types. The organization of the material described here, 
which mostly follows reactivity patterns, may not be the best one when more 
facts are available. An alternative way of presentation is outlined below, 
based on a cluster-centered viewpoint. It brings out which areas might show 
future developments or deserve research activities. 

1. Reactions affecting single metal-metal bonds: From the knowledge of 
metal - metal bond reactivity (15) several reaction types which are common 
for dinuclear complexes can be expected to occur for single metal-metal 
bonds in clusters. Some of these, such as nucleophilic opening (cf. Section 

III, C) or oxidative additions with metal-metal bond breaking (cf. Section 

IV, C), have been observed. Others, such as thermal or photolytic bond 
breaking with subsequent reactions, reductive bond breaking, or insertion 
reactions, have yet to be developed. 

2. Reactions affecting the cluster as a whole: Here the electron reservoir 
properties of clusters, the attack of reagents at several metal atoms, and 
changes in the ligand number without localized metal-metal bonding 
changes are to be considered, some of which, like the capping reactions (cf. 
Section IV,B), have been discussed above. Though different types of reac¬ 
tions of clusters with nucleophiles have been found, of the many electro¬ 
philes only the proton and the R 3 PAu unit could be attached to the cluster 
core, despite the fact that many mono- and dinuclear complexes have been 
observed to be good nucleophiles toward other reagents. Similarly, the redox 
chemistry of clusters has not yet been developed past its physicochemical 
and exploratory stage. There are hardly any known nondestructive chemical 
redox reactions of clusters other than electron transfers. The modification of 
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cluster-ligand bonding or ligand reactivity due to cluster redox reactions 
seems to be unknown. Unsaturated or “excess-electron” clusters are analo¬ 
gous to oxidized or reduced clusters. Few such clusters are known, but their 
number is growing slowly. From the examples given in Section III,B, it is 
clear that unsaturated clusters can be made by ligand elimination, and they 
should have a rich chemistry, as should excess-electron clusters. 

3. Designed use of cluster fragments: It has been shown that dinuclear 
organometallic complexes are in equilibrium with their mononuclear frag¬ 
ments (166). That many clusters also detach or attach fragments is obvious 
from systematic cluster growth or shrinkage reactions (cf. Section V), as well 
as from the many degradations or uncontrolled nuclearity changes. The 
development of cluster chemistry has now reached a stage where the de¬ 
signed use of cluster fragments is becoming possible. Dinuclear fragments 
are involved in the growth patterns of the osmium carbonyls ( 75,169), or in 
the conversion of Co 6 C(CO)?j to Co 8 C(CO)fa by Co 4 (CO) 12 (201). Unsatu¬ 
rated mononuclear fragments like PtL 2 or Cp(CO) 2 W=CR have been used 
very successfully in designed cluster syntheses (202, 203). Moreover, the 
generation of more than mononuclear fragments from clusters is becoming 
common, e.g., in the spontaneous fission of Co 4 (CO) 8 (PPh 3 )4 into two 
halves (204). The existence of intermediate dinuclear fragments is likely in 
the interconversion of MeCCo 3 (CO) 9 to (Me 2 C 2 )Co 4 (CO),o under the influ¬ 
ence of Mn(CO) 5 radicals, the interconversion of MePFeCo 2 (CO) 9 to 
(MeP) 2 Fe 2 Co 2 (CO),, under the influence of CpNi fragments, and the inter- 
conversion of RPCo 3 (CO) 9 to (RP) 2 Co 4 (CO) 10 upon chemical oxidation 
(205). In none of these cases, however, has the source of the dinuclear 
fragments been usable for more than one reaction. 

Reactions between clusters also belong to this area. The easy interconver¬ 
sions in the Pt 3n (CO)£r series are a fascinating example (197, 206). The 
synthesis of Rh 9 (CO)J 9 from Rh 4 (CO)frand Rh 5 (CO)7 5 (207), of Rh 12 (CO)fo 
from Rh 6 (CO)frand Rh 6 (CO), 6 (208), and the splitting of Rh, 2 (CO)fo into 
two Rh 5 (CO) 7 5 units under CO pressure (209) are other examples. Cluster 
growth and shrinkage in small steps are rather easy to understand; in big 
steps like these they should be much more efficient. 

4. Hetero site reactivity: The simplest difference between a cluster and a 
mononuclear complex is that the cluster can do two or more things where a 
mononuclear complex can do one. Simple as it is, this difference has hardly 
ever been verified other than in multiple ligand substitutions. One verifica¬ 
tion is hetero site reactivity, i.e., different modes of reaction at different 
sites on one and the same cluster. Two examples of this appear to exist. Dif¬ 
ferent phosphine ligands substitute CO on different metal atoms in 
H 2 FeRu 3 (CO) 13 depending on their size and basicity (210), and 
Ru 2 Co 2 (CO), 3 reacts with H 2 at the ruthenium atoms (cf. Section IV, A) and 
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with acetylenes at the cobalt atoms (cf. Section IV,C) (82). More such 
reactions should be possible, especially for mixed metal clusters, and the 
often-stressed ability of clusters to activate more than one substrate for 
application purposes should drive the search for such reactivity patterns. 

5. Clusters with inorganic ligands: As mentioned in the Section I, this 
review has attempted to present an inorganic chemist’s view of cluster 
chemistry. Nevertheless, all clusters discussed have been organometallic 
species with the “application-oriented” organic ligand sphere being an 
integral part of the factors determining reactivity. The investigation of 
clusters having purely inorganic ligands should add considerable variety to 
the subject. So far for inorganic clusters, many of which are solid state 
compounds, only structure and bonding systematics have been developed. 
This synthesis is much more an art than is the preparation of organometallic 
clusters, and reactivity investigations are scarce, but some attractive possi¬ 
bilities are emerging (211, 212). It is to be expected that not only will 
organometallic cluster chemistry develop rapidly, but inorganic cluster 
chemistry will follow in its path. 
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I 

INTRODUCTION 

It is over eight years since the last comprehensive review appeared on 
metal isocyanide chemistry. In the interim, reviews have appeared on 
specific aspects of isocyanide chemistry. Lippard reviewed seven and eight 
coordination in molybdenum isocyanide compounds (7), Yamamoto re¬ 
viewed metal(O)- isocyanide complexes (2), and in related reviews on car- 
bene complexes by Cotton and Lukehart (5), Lappert el al. (4), and Casey 
(5), mention was made of carbenes synthesized from metal isocyanides. 

The surveys by Treichel (1973) (6) and Bonati and Minghetti (1974) (7) 
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represent the last reasonably comprehensive coverage of metal-isocyanide 
complexes. Since that time over seven hundred articles have appeared on 
some aspect of metal isocyanide chemistry. Any reviewer trying to review 
such a mass of material is automatically faced with the dilemma of correla¬ 
tion and critical evaluation versus coverage. From our experience, however, 
both requirements have equal importance, and as a consequence we have 
attempted to strike a balance in this article between evaluating the work and 
the present need to have some comprehensive reference source on isocya¬ 
nides covering the years 1973-1981. To keep this review to a suitable 
length, however, references to studies where isocyanides played only a 
minor chemical role have been omitted. 

Some features have emerged from the large number of studies that have 
been undertaken over the last eight years and consequently can be high¬ 
lighted. 

The striking advance since 1973 has been the synthesis of homoleptic 
isocyanides for vanadium and almost all of the post-group-VIA metals up to 
group IB (see Table I), and this has been helped in some respects by synthetic 
rationale. For example, the discovery of the simple reductive or nonreduc- 
tive cleavage of multiple metal-metal bonds in suitable dinuclear com¬ 
plexes of molybdenum and tungsten has provided a high yield route to 
W(CNPh) 6 and [M(CNR) 7 ] 2+ (M = Mo, W) and related complexes (8-14). 
During these studies the series [M(CNR) 7 ] 2+ was completed with the isola- 


TABLE I 


Fully Characterized Homoleptic Metal-Isocyanide Complexes 


Group V 

Group VI 

Group VII 


Group VIII 


Group IB 

V(CNR)J 

Cr(CNR) 6 

CrtCNRtf 

Cr(CNRr 

Cr(CNR)5 + 

Mn(CNR)J 

Fe(CNR) s 

Fe 2 (CNR), 

Co 2 (CNR), 

Co(CNR)t 

Co(CNR)| + 

Coj(CNR)?} 

Ni(CNR) 4 

Ni 4 (CNR) 7 

Ni(CNR)j + 

Cu(CNR)J 


Mo(CNR) 6 

Mo(CNR)? + 


Ru(CNR)j 

RujtCNR), 

Ru 2 (CNR){} 

Rh(CNR)J 

Rh 2 (CNR)| + 

Rh 2 (CNRNC)J + “ 

Pd 3 (CNR) 6 

[Pd 2 (CNR) 6 ] 2+ 

[Pdj(CNR) 8 ] 2+ 

[Pd(CNR)«] 2+ 

Ag(CNR)J 


W(CNR) 6 

W(CNR)? + 

Re(CNR)? 

Os(CNR)j 

OsjtCNRHJ 

Ir(CNR)J 

Pt 3 (CNR) 6 

Pt 7 (CNR) l2 

Pt(CNR)j + 

[PdPt(CNR) 6 ] 2+ 

[Pt 2 (CNR) 6 ] 2+ 

Au(CNR)J 


CNRNC, chelating diisocyano-ligand. 
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tion of [Cr(CNR) 7 ] 2+ (75), which represents the only example of a seven-co- 
ordinate isocyanide complex of a first-row transition metal. 

The sodium-amalgam reduction of metal - halo-isocyanide complexes 
was used by Stone and co-workers to synthesize M(CNR) S (M = Fe, Ru) 
(16), and M 2 (CNR) 9 (M = Fe, Ru) (77) complexes and later extended by 
Swanepoel (18), Green (79), and Yamamoto (20) to the synthesis of 
Os(CNXylyl) 5 , Co 2 (CNBu') 8 , and Pt 7 (CNXylyl) 12 , respectively. 

Ligand displacement from labile precursors has led to the homoleptic 
clusters Ni 4 (CNR) 7 , Ni 4 (CNR) 6 and Ni 8 (CNBu') 12 (21,22), Pt 3 (CNR) 6 (23), 
and Pt 7 (CNXylyl), 2 (20), which represent rare examples of polynuclear 
homoleptic metal(O)-isocyanide clusters. 

Naturally, the ideal source of starting materials for homoleptic metal 
isocyanide compounds is via metal carbonyl complexes, but previously 
only with the two carbonyls Ni(CO) 4 (24) and Co 2 (CO) 8 (25) has direct 
substitution of all carbonyl groups been effected. Recently, however, re¬ 
markable discoveries by Coville and co-workers (26-31) on the transition- 
metal-catalyzed substitution of carbonyl groups in monomeric and cluster 
compounds have shown that Fe(CNR) 5 , Mo(CNR) 6 , and Ir 4 (CO) 5 (CNR) 7 
(32) can be prepared in high yield by stepwise substitution from the parent 
carbonyl. 

Some interesting chemistry has appeared relating to the ability of the 
isocyanide ligand to stabilize unusual oxidation states. A series of palladium 
metal-metal bonded complexes has been synthesized by redox reactions 
involving two metal complexes in different formal oxidation states (33-35). 
Similar ruthenium(I) and osmium(I) dimers have been prepared by an 
unusual homolytic fission of a ruthenium-carbon bond (36) or by single- 
electron oxidation of Os(CNXylyl) 5 (18). 

Metal-metal interactions in rhodium(I) isocyanide oligomers have been 
extensively studied by Gray et al. (37, 38), and these compounds are 
showing rich photochemical properties. As a consequence, they are proving 
ideal for the study of the photochemical behavior of metal complexes 
possessing low-lying metal- ligand charge-transfer (MLCT) excited states. 1 


1 Abbreviations: arene, (/‘-benzene or substituted benzene derivative; bipy, 2,2'-bipyridyl; 
Bu', Bu", Bu', iso-, /!-, or /cw-butyl; COD, 1,5-cyclo-octadiene; Cp, f/ 5 -C 5 H 5 ; DAD, dimethyl- 
acetylene dicarboxylate; dam, l,2-bis(dipheny!arsino)methane; DBA, dibenzylideneacetone; 
DMF, A'.A'-dimethylformamide; dpe, l,2-bis(diphenylphosphino)ethane; dpen, m-l,2-bis(di- 
pheny!phosphino)ethylene; dpm, 1,2-bis(diphenylphosphino)methane; ESR, electron spin res¬ 
onance; F 6 -acac, hexafluoroacetylacetone; FN, fumaronitrile; MA, maleic anhydride; Me, 
methyl; MLCT, metal ligand charge transfer; phen, 1,10-phenanthroline; Pi*, Pr", iso- or 
n-propyl; py, pyridine; RT, room temperature; TCNE, tetracyanoethylene; tetraphos, 
(Ph 2 PCH 2 CH 2 ) 3 P; THF, tetrahydrofuran; Xylyl, 2,6-Me 2 C 6 H 3 . 
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Transition metal complexes which have low-lying MLCT are playing a 
role in demonstrating the use of molecular excited states in light-energy 
conversion processes. 

Facile isocyanide insertion reactions into metal-carbon, -nitrogen, 
-sulfur, - oxygen, - hydride, and - halide bonds have been found to readily 
occur. The insertion into metal - hydrides to give stable formimidines is 
particularly noteworthy since corresponding formyls (—CHO) are excep¬ 
tionally difficult to synthesize and tend to be very unstable. There is a great 
deal of interest in carbon monoxide reductions, and the instability of the 
intermediate reduction products has made a study of the reduction process 
extremely difficult. Recently, however, the interaction of isocyanides with 
zirconium hydrides has allowed the isolation of the individual reduction 
steps of the isocyanide which has provided a model study for carbon 
monoxide reduction (39). 

What are the portents for the future? It will be interesting to see if 
metal-isocyanides undergo photochemical dissociation without decompo¬ 
sition to the metal-cyanide. This could further help to establish the rela¬ 
tionship between specific photochemical reactivity and electronic structure 
and coordination environment about the metal atom. 

Further studies are anticipated on metal-metal bonded oligomers pos¬ 
sessing low-lying MLCT excited states in efforts to maximize the efficiency 
of light-energy conversion processes. Also in this context, linear oligomers 
containing metals in different oxidation states or different metals could 
exhibit anisotropic electrical behavior as one-dimensional conductors, so 
it would be of interest to devise synthetic routes to compounds of 
this type. One method that has been recently applied in an attempt to in¬ 
crease electrical conductance in the crystal has been by coupling the organic 
anion 7,7,8,8-tetracyano-p-quinodimethane (TCNQ) with the cations 
[Pd(CNMe) 4 ] 2+ (40) and [Rh(CNR) 4 ] + (41), or by synthesizing the salts 
[Pt(CNR) 4 ][Pt(CN) 4 ] (42). These attempts met with limited success. 

There are no routes yet to homoleptic metal isocyanide anions. If one 
considers the interesting products obtained from methyl iodide additions to 
molybdenum (43) and manganese (44) carbonyl isonitrile anions, nega¬ 
tively charged isocyanide complexes should have some interesting chemis¬ 
try. Also, now that a simple route to [CpFe(CNR) 2 ] 2 complexes has been 
devised (45), the synthesis of the anion [CpFe(CNR) 2 ]“ could provide a 
route to a range of products including heterometal-metal bonded systems. 

Isocyanide ligands appear to be radical probes and hence activate or 
initiate radical reactivity. For example, the addition of TCNE to 
[Co(CNMe) 5 ] + is radical in nature (46) and homolytic fission of the metal- 
carbon bond in [(^',f/ 2 -C 8 H, 3 )Ru(CNR) 4 ] + complexes has been observed 
(36), and it is possible that radical stabilization can occur through metal- 
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isocyanide ji* interactions which will give highly reactive isocyanide lig¬ 
ands. Thus, the generation of isocyanide radical species through homolytic 
metal-metal bond fission or by oxidation or reduction processes on dia¬ 
magnetic isocyanide complexes in the presence of suitable substrates could 
lead to interesting reactivity patterns. 

More emphasis should be placed in future endeavors on routes to metal- 
isocyanide clusters, since those of nickel (27) and platinum (47-49) are 
proving to have a rich chemistry. 

Finally, the recent synthesis of a series of two-dimensional isocyanide 
coordination polymers containing rhodium(I) could lead to the develop¬ 
ment of a new area of metal-containing polymers (50-52). 


II 

STRUCTURE AND BONDING 

The generally accepted valence bond and molecular orbital (MO) ap¬ 
proach to the bonding of metal isocyanides has been well described in 
Treichel’s review (6), and has been used to rationalize (i) variations in IR 
stretching frequencies between bonded and nonbonded isocyanides, and (ii) 
the better ^-acceptor qualities of aryl versus alkyl isocyanide groups (53,54). 
In valence bond theory the canonical forms involved in metal isocyanide 
bonds are 


M _C=N-R.— >M=C=n/ -—* M—C=N—R 
A B C 

However, up to Treichel’s review no complexes containing bent isocyanide 
ligands had been observed, and it was suggested by Cotton et al. that an MO 
approach was more appropriate to isocyanide bonding since the MO theory 
of metal - carbon n - bond formation does not require the C - N - R angle to 
be other than 180° (24). The MO description of CO and CNR is given in Fig. 
1 , and to account for nonlinearity, n bonding would be required to occur 
preferentially to one of the two degenerate n * orbitals. Equivalent retroda- 
tive n* bonding to both n* orbitals would be cylindrically symmetric and 
would not have any effect on isocyanide geometry. 

One of the most significant advances in isocyanide bonding in the last 
eight years has been the isolation of the complexes M(CNR) 2 (L 2) 2 
{M = Mo, W; L 2 = dpe, (PMe 2 Ph) 2 ) (55, 56) and M(CNR) 5 (M = Fe, Ru; 
R = alkyl) (76) containing bent monohapto isocyanide ligands. In valence 
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bond terms this means that a substantial contribution to the electronic 
structure is made by the bent canonical form B, but an adequate quantita¬ 
tive description has not been made at this stage. 

Further evidence for the canonical form B comes from the reactivity 
patterns of M(CNR) 2 (L 2 ) 2 with protons and alkylating agents (5 7, 58), which 
parallel the reactivities of bridging isocyanide ligands in Cp 2 Fe 2 
(/i-CNR) 2 (CO) 2 in preferentially attacking the nitrogen atom. Surprisingly, 
no similar reaction patterns were observed with the bent isocyanide ligands 
in the M(CNR) 5 complexes. 

Representative new types of bonding modes that have been observed are 
as follows: with the isocyanide symmetrically bridging three cobalt atoms 
through the isocyanide carbon (1) (59); with the isocyanide bridging two 



Cl) 
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metal atoms through lone-pair donation from both the isocyanide carbon 
and nitrogen atoms as in Ni 4 (CNR) 7 (2) (60); in the manganese complex 
Mn 2 (/i-CNC 6 H 4 Me-p)(dpm) 2 (CO) 4 (3) (67); and containing isocyanide li- 


R 



(2) (3) 


gands bonded to three osmium (4) (62) and five ruthenium (5) atoms (63). 



A comparison with carbonyl bonding modes can be made for symmetrical 
/Abridging, and for asymmetrical /Abridging (6) in Mn 2 (/i-CO) 
(dpm) 2 (CO) 4 (64). 



( 6 ) 


Dimeric and cluster compounds containing isocyanides exhibit dynamic 
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behavior in solution. As there is special interest in dynamic processes owing 
to the possible role ligand migration may play in cluster catalysis, two 
systems are worthy of mention here. In the one, the substituted products 
Cp 2 Fe 2 (CO) 4 _ x (CNR)^(ji: =1,2) have played a pivotal role in formulating 
the Cotton-Adams rules for ligand migration in the Cp 2 Fe 2 (CO) 4 system 
(65), and in the other case the compound Ir 4 (CO) n CNBu' has provided an 
insight into the general question of exchange mechanisms in M 4 (CO), 2 
clusters (66). 


Ill 

SYNTHESIS OF ISOCYANIDE LIGANDS 


A. From Metal Cyanides 

Though alkylation of metal cyanides is one of the oldest routes to 
metal-isocyanide complexes, at the present time the usefulness of this 
method is confined to (i) partially characterizing new metal-cyanide com¬ 
plexes, (ii) providing access to complexes containing unstable or unusual 
isocyanide ligands which cannot be prepared by direct interactions of 
complex with isocyanide, and (iii) providing a route to chiral metal-iso¬ 
cyanide complexes. The following examples exemplify this. 

During investigations into routes to new cyanide complexes of manga¬ 
nese the formation of the new cyanide salt K 3 [(C 5 H 4 Me)Mn(CN) 3 ] was 
inferred by the isolation of K 2 [(C 5 H 4 Me)Mn(CN) 2 (CNEt)j and 
K[(C 5 H 4 Me)Mn(CNXCNEt) 2 ] from [Et 3 0]BF 4 additions to an inseparable 
mixture of reaction products (67). 

Complexes containing the unstable hydrogen isocyanide ligand have been 
isolated from phosphoric acid additions to ruthenium and manganese 
cyanide precursors and as a by-product from arene diazonium salt reactions 
on Cr(CO) 5 CN“. The products formed were (C 5 H 4 Me)Mn(CO) 2 CNH (67), 
[CpRu(PPh 3 ) 2 CNH]PF 6 (68), and Cr(CO) 5 CNH (69). [Compare earlier 
preparations of CpMn(CO) 2 CNH (70) and [Cp 2 W(OEt)CNH]PF 6 (71).] 

Alkylation of the cyanide ligands in Ag 4 M(CN) g with RX (X = halides) 
has provided the only route to the complexes M(CN) 4 (CNR) 4 (M = Mo, W; 
R = alkyl, allyl, CH 2 Ph, CPh 3 ) (72, 73), as direct reaction of isocyanides on 
the cyanide anions has given only reduced products (74). 

Complexes containing unusual isocyanide ligands have evolved from 
attempts to alkylate the anions [M(CN) 6 ] 4 ~ (M = Fe, Ru, Os) with 
[Et 3 0]BF 4 in acetone solution. The compounds isolated [M{CNCMe 2 
CH 2 COMe) 6 ](BF 4 ) 2 resulted from an initial acid-catalyzed aldol condensa¬ 
tion of the acetone solvent followed by a nucleophilic attack of the carbon- 
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ium ion of the dimer on the coordinated cyanide ligands. Analogous 
reactions of K 4 [Fe(CN) 6 ] with ethyl methyl ketone and cyclohexanone gave 
[Fe{CNC(R 1 R 2 )CHR 3 COR 4 } 6 ](BF 4 ) 2 [R> = Me, R 3 = H, R 2 = R 4 = Et; 
R'R 2 = (CH 2 ) 5 , R 3 R 4 = (CH 2 ) 4 ] and with acetophenone produced 
[Fe{CNC(Me)(Ph)CH 2 COPh} 5 CN]BF 4 ( 75). 

New routes to functionalized isocyanide ligands from metal cyanide 
precursors have appeared. Treatment of the anion [CpMn(CO) 2 CN] - with 
R 2 EC1 (R = Et, OEt, Ph; E = P, As) gave the isocyanophosphine and arsine 
complexes CpMn(CO) 2 (CNER 2 ). The potential donor properties of these 
ligands were demonstrated by reactions of CpMn(CO) 2 THF with 
CpMn(CO) 2 CNPPh 2 which produced the dimer {CpMn(CO) 2 ) 2 CNPPh 2 
(76). Similar interactions of (olefin)Fe(CO) 2 CN - (olefin = e.g., C 8 H 14 , 
C 4 H 6 , C 8 Hg) with R 3 EC1 (R = Me, Et; E = Si, Ge, Sn, Pb) gave (ole- 
fin)Fe(CO) 2 (CNER 3 ) (77). 

The interaction of an oxidizable anionic metal cyanide with a diazo- 
nium salt has led to the synthesis of a series of novel a-functionalized isocya¬ 
nide complexes. Arene diazonium chloride [4-XC 6 H 4 N 2 ]Cl (X = H, Cl, Br) 
additions to [M(CO) 5 CN]" (M = Cr, Mo, W) in THF, CH,C1,, C HC1„ 
C 6 H 5 C1, and CH 3 C1 gave the complexes M(CO) 5 {CNCH(CH 2 ) 3 0) (7), 
Cr(CO) 5 CNCHCl 2 , Cr(CO)jCNCCl 3 , Cr(CO) 5 CNCOC 6 H 4 Cl, and Cr(CO) 5 
CNCOCH 2 Cl, respectively. A mechanism for their formation is given in 
Scheme 1. This radical alkylation of cyano complexes opens up routes to 
isocyanides bearing strongly electronegative, and chemically exploitable, 

[ArN 2 ] + + [M(CN)(CO) s ]- -► "Ar-N=N-N=C-M(CO) 5 " 

| decomposition 

ArN=N' ♦ M(CN)(CO). 

1 

Ar + N 2 t 

-I- 

/ + 'M(CN)(CO) 

0 "Y' 

[M(CN—<73^ )tco) s ] 

( 7 ) 


; Ar = c 


;= H , Cl , Br ; M = Cr, Mo, W. ) 
Scheme I 
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substituents which are inaccessible by the usual methods (69). An interesting 
reaction of these isocyanides was observed with the formation of 
(OC) 5 CrCNCCo 3 (CO) 9 (1) from Cr(CO) 5 CNCCl 3 and Co 2 (CO) 8 , in which 
the CNC-skeleton functions as a /i 4 -bridge between the chromium atom and 
the three cobalt atoms. The related product (OC) 9 Co 3 CNCC1 2 was formed 
from C1 3 CNCC1 2 and Co 2 (CO) 8 and this reacted further with Pt(C 2 H 4 )- 
(PPh 3 ) 2 to give (OC) 9 Co 3 CNCPtCl 2 (PPh 3 ) (59). 

Other complexes containing N-a-functionalized isocyanide ligands, 
e.g., (arene)Cr(CO) 2 CNCOPh, were obtained from K[(arene)Cr(CO) 2 CN] 
and benzoyl chloride. Two pairs of diastereoisomers (C 6 H 5 C0 2 Me)- 
Cr(CO)(CNCOPh){PPh 2 (neomenthyl)} and (m-Me0C 6 H 4 C0 2 Me)Cr(C0)- 
(CNCOPh){P(OPh) 3 ) were prepared as synthetic applications of this 
reaction (78, 79). (C 6 H 5 C0 2 Me)Cr(CO) 2 (CNCOPh) has been structurally 
refined (80). Cr(CO) 5 (CNCOR) (R = Bu', Ph) was shown to reconvert to 
[Cr(CO) 5 CN]~ and RC0 2 Et in ethanol in the presence of a base (81). 

The use of the chiral alkyl iodides iec-butyl iodide and a-phenylethyl 
iodide on CpFe(CO)(CNR)CN (R =Me, Et) has produced configurationally 
nonlabile diastereoisomers (82). 

Other examples of isocyanide complexes formed from cyanide alkyla¬ 
tions are [CpFe(COXCNEtXPPh 3 )] + (83), /ram-[Pt(CNMe) 2 (PMe 2 Ph) 2 ]- 
(SF0 3 ) 2 (84), and PtI 2 (CNMe) 2 (55). 


B. Generation at the Metal-Atom Center 


A number of routes have been employed for the synthesis of metal 
isocyanide complexes by generating the isocyanide ligand on the metal 
atom. 

Complexes containing the TV-isocyanoiminotriphenylphosphine ligand, 
e.g., M(CO) 5 CNNPPh 3 (M = Cr, Mo, W), are useful intermediates to iso- 
diazomethane complexes, e.g., M(CO) 5 CNNH 2 (M = Cr, Mo, W) by hy¬ 
drolytic cleavage, and to M(CO) 5 CNNCRR' (M = Cr, Mo; R = R> = Me, 
R = Ph, R 1 = H) by reacting with acetone and phenaldehyde, respectively 
( 86 ). 

The formation of isocyanides from a series of intermediates of the type 
8-12 is reported. The ylides 8 [M = Fe(CO) 4 , R= C 6 H 4 Me-o,m,p; 
M = PdCl 2 (PhN=PPh 3 ), R = Ph] were proposed as intermediates in the 


(8) 


O 



-NHR 



O) 


(10) 
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interactions of Fe(CO) 5 with arylN—PPh 3 to give Fe(CO) 4 (CNAryl) (87), 
and from reactions of PhN=PPh 3 with PdCl 2 and CO which gave 
(PhN=PPh 3 )PdCl 2 CNPh, respectively (88). Carbamoyl species 9 , 
[M = CpFe(CO) 2 , R= Bu'], which formed from addition of Bu'NCO 
to CpFe(CO) 2 H, spontaneously decomposed to Cp 2 Fe 2 (CO) 3 (CNBu') 
(89), whereas 9 [M = CpFe(CO) 2 , R = Me] only converted to 
[CpFe(CO) 2 CNMe]Cl with COCl 2 and NEt 3 (90). The reaction of a carbonyl 
metal anion with carbodiimides, RN=C=NR‘, produced 10 
{M = Cr(CO) 5 , R = R 1 =Ph; M = CpFe(CO) 2 , R = Ph, R* = alkyl, allyl; 
R = R 1 = Ph, C 6 H u ], which on protonation produced 11 [M = Cr(CO) 5 , 
R = R 1 = Ph; M = CpFe(CO) 2 , R = Ph, R 1 = alkyl, allyl; R = R' = Ph, 
C 6 H,,]. Both 10 and 11 converted to the isocyanide compounds 
Cr(CO) 5 CNPh, [CpFe(CO)(CNPr')(CNPh)]PF 6 , and [CpFe(CO)(CNBu')- 
(CNPh)]PF 6 with COCl 2 /NEt 3 (91, 92). The intermediate 12 {M = 
CpFe(CO)} was implicated in the conversion of 10 [M = CpFe(CO) 2 ; 
R 1 = Ph; R = Bu', Pr'] to the bis-isocyanide iron complexes, and to 
Cp 2 Fe 2 (CO) 4 _ x (CNPh) x (x = 2, 3) with excess PhN=C=NPh (92). 

The products formed from the carbene (11) were dependent upon the 
nature of the alkyl group (93). Good leaving groups were found to be a factor 
in converting the carbenes [CpFe(CO) 2 {C(YR)YR}]+ (YR = SePh, SPh, 
OPh, SMe) to the isocyanide complex [CpFe(CO) 2 (CNCH 2 Ph)] + with ben- 
zylamine (94, 95), whereas [CpFe(CO) 2 (CNR)] + (R = Me, CH 2 Ph) formed 
in the melt from [CpFe(C0) 2 {C(NHR)(0Me)}]S0 3 CF 3 by intramolecular 
extrusion of methanol (95). Treatment of PtCl 2 {C(OEt)NHPh}PEt 3 with 
AlCl 3 /NEt 3 gave PtCl 2 (CNPh)PEt 3 (93). 

Treatment of the iron carbene Fe(tetraphenylporphyrin)(CCl 2 ) with pri¬ 
mary amines provided a novel route to the isocyanide derivatives Fe(tetra- 
phenylporphyrin)(NH 2 R)(CNR) (R = PP, Bu", Bu') (96). 

The compounds [CpFe(CO) 2 CNR]PF 6 , Cp 2 Fe 2 (CO) 3 CNR (R = Me, Ph) 
and Cr(CO) 5 CNR (R = Me, C 6 H,,, Ph) were prepared from desulfurization 
reactions of the corresponding isothiocyanate with the carbonyl anion (97). 
Other desulfurization reactions of isothiocyanates with the complexes 
CpCo(PMe 3 ) 2 (98), Ru(CO) 2 (PPh 3 ) 3 , and RhCl(PPh 3 ) 3 (99) gave 
CpCo(PMe 3 )CNR and the dithiocarbonimidato derivatives Ru(CO)- 
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(CNR)(S 2 CNR)(PPh 3 ) 2 (R = Me, Et, Ph) and RhCl(CNR)(S 2 CNR)- 
(PPh 3 ) 2 (R = alkyl, aryl), respectively. 

The reaction of a series of thiocarbonyl compounds with primary amines 
has given isocyanide complexes via the intermediate carbene (13) (100). 



(13) 


Kinetic studies on these reactions have shown a second-order dependence 
on amine concentration consistent with the addition of the amine to the 
thiocarbonyl carbon atom in a rate-determining step (101). Complexes 
isolated from this and related studies were M(CO) 5 CNR(M = Cr, Mo, W; 
R = alkyl) (101-103), [RuC 1 2 (CO) 2 (CNR)L] (L = CO, PPh 3 ; R =C 6 H n , 
aryl) (104), and [CpFe(CO)(CNR)L]PF 6 (L = phosphine; R = Me, C 6 H n ) 
(105). 

The dimeric products [RuI(SH)(CO)(CNR)(PPh 3 )] 2 were formed by a 
novel rearrangement on reacting the dithiomethyl ester complex 
RuI(CS 2 MeXCOXPPh 3 ) 2 with primary amines in refluxing benzene 
(Scheme 2) (106). 


^NR .CNR -pp h - r 

*« —* L 4 Ru-C^^ —► L 4 Ru^^ -►[RuI(SH)(CNR)(CO)(PPh 3 )] 2 

Scheme 2 

Oxidative addition of Cl 2 CNPh with the low-valent metal complexes 
Fe(CO) 5 , [Fe(CO) 4 ] 2 -, Pt(PPh 3 ) 4 , and RhCl(PPh 3 ) 3 produced Fe(CO) 4 
CNPh, PtCl 2 (CNPh)PPh 3 , and RhCl 3 (CNPh)(PPh 3 ) 2 (107, 108). 

IV 

SYNTHESIS OF ISOCYANIDE COMPLEXES 

A. Homoleptic Systems 

No homoleptic isocyanide complexes of niobium, tantalum, titanium, 
zirconium, and halfnium have yet been synthesized. The vanadium cation 



[V(CNBu') 6 ] 2+ has been prepared either by treating m<?r-VCl 3 (CNBu') 3 with 
isocyanide in ethanol (109) or by oxidizing [V(CO) 6 ] - in the presence of 
CNBu' (110). 

A number of new synthetic routes to isocyanide complexes of chromium, 
molybdenum, and tungsten have been investigated. For example, new 
routes to the long-established species Cr(CNR) 6 have utilized the reductive 
elimination of isopropyl groups from CifPr0 4 (111) or the displacement of 
naphthalene from bis(»/ 6 -naphthalene)-chromium(0) by CNR(R = Bu", 
C 6 H„)(772,775). The 17-and 16-electron salts [Cr(CNR) 6 ]( PF 6 )„ (n = 1,2; 
R = aryl) were prepared by successive AgPF 6 oxidations of Cr(CNR) 6 (114), 
or, for [Cr(CNR) 6 ](PF 6 )2 (R = Bu', C 6 H„), directly from blue chromium(II) 
solutions by additions of CNR and KPF 6 (75). Addition of neat CNR to 
[Cr(CNR) 6 ](PF 6 ) 2 (R = Bu', C 6 H M , Ph) produced the 18-electron salt 
[Cr(CNR) 7 ](PF 6 ) 2 for R = Bu' and C 6 H U , and the reduced complex 
[Cr(CNPh) 6 ]PF 6 for R = Ph (75). The isolation of [Cr(CNR) 7 ](PF 6 ) 2 has 
provided a rare example of a seven-coordinate homoleptic compound of the 
first-row transition elements (the first one containing isocyanide ligands) 
and has completed the first homologous series of homoleptic seven-coordi¬ 
nate complexes of any transition metal group. 

A number of attempts have been made over the years to develop repro¬ 
ducible synthetic routes to six- and seven-coordinate isocyanide complexes 
of molybdenum and tungsten. Two of the older methods, namely, the 
reaction of the hexacarbonyls with halogens in the presence of an isocyanide 
(775, 116) or reactions of the salt Ag 4 Mo(CN) 8 with isocyanides (74), have 
given six- and seven-coordinate products. Recently, however, the discovery 
of the reductive or nonreductive cleavage of multiple metal - metal bonds in 
dinuclear group VIA compounds by isocyanides has provided a facile route 
to the synthesis of a variety of homoleptic and related isocyanide complexes 
of these metals in reasonable yields. 

This facile cleavage of metal-metal bonds has been explained in terms of 
the ability of isocyanides to compete effectively through n interactions for 
the electron density in the metal HOMOs, which are the metal-metal 
bonding orbitals. A variety of precursors have been used, including chloro 
complexes of molybdenum (8-12) and tungsten (8), carboxylato complexes 
of molybdenum (9-11), and tungsten complexes containing the anions of 
alkylated hydroxypyridine (13) and pyrimidine (14). Complexes synthe¬ 
sized were [M(CNR) 7 ] 2+ {R = alkyl, M = Mo (8, 9), W (8, 75); R = aryl, 
M = Mo, W (14)) and W(CNPh) 6 (14), as well as the intermediates 
[MoX(CNBu') 6 ]X (X = C1, 0 2 CCF 3 ) (10,11), [Mo(CNR) 5 (L 2 ) x ]^ [4 = 
O z CMe, n = 0, x = 2 (10, 77); L 2 = dpm, dpe, (PR}) 2 , n = 2, x = 0 (72)] 
and [Mo(CNR) 6 (PR])] 2+ (72). The chloro-complex MoC 1 4 also provided a 
route to [Mo(CNR) 7 ] 2+ (R = alkyl) on treatment with CNR in ether. This 
reaction appears to be solvent specific as [MoC 1(0)(CNR) 4 ] + (see Section 
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IV,D,2) is produced from methanol (777). The synthesis of the missing 
congeners Mo(CNBu') 6 ( 14 ), [M(CNPh) 7 ] 2+ (M = Mo, W) (7-0, and 
[Cr(CNR) 7 ] 2+ (R = Bu', C 6 H U ) (75) has placed some doubt on the signifi¬ 
cance of electronic effects on the formation of these compounds. Their 
isolation should now allow an evaluation of the factors controlling the 
stabilities of the various isocyanide complexes. 

Only the manganese and rhenium complexes [M(CNR) 6 ] + (M = Mn, Re) 
are known in group VII, and these have been prepared earlier. A new route 
to [Re(CNBu') 6 ] + via cleavage of the metal-metal bond in Re 2 Cl 2 (0 2 CMe) 4 
is reported (77) [cf. Re 2 Cli~ and CNMe gave ReCl 5 (CNMe)- (775)]. 

An interesting aspect of the recent isocyanide chemistry of iron and 
ruthenium has been the formation of the highly reactive electron-rich 
metal(O) complexes M(CNR) S (M = Fe, R = alkyl, xylyl; M = Ru, 
R = Bu') from reductions of rra«5-MCl 2 (CNR) 4 with Na/Hg in the presence 
of CNR (76). A similar reduction of the osmium polymer [CODOsCl 2 k 
(x > 2) with Na/Hg in the presence of CNBu' gave only CODOs(CNBu') 3 
(76), but mixtures of /ra«.v-OsCl 2 (CNXylyl) 4 and xylyl isocyanide are 
smoothly reduced to Os(CNXylyl) 5 by Na/Hg (18). UV irradiation of 
Fe(CNR) 5 (R = Et, Pr') or Na/Hg reductions of /ra«.v-RuCl 2 (CNPr') 4 in the 
presence of CNPr' gave the dinuclear isocyanide analogues of the carbonyl 
compounds, e.g., M 2 (CNR) 9 (M = Fe, Ru). Corresponding irradiations of 
solutions of Fe(CNBu') 5 gave only rra«5-Fe(CN) 2 (CNBu') 4 or 
(f/ 4 -C 8 H 8 )Fe(CNBu') 3 in the presence of cyclooctatetraene (77). 

The dimeric ruthenium(I) and osmium(I) salts [M 2 (CNXylyl) 10 ](PF 6 ) 2 
have been isolated respectively from the melt of [(r/‘,f 7 2 -C 8 H 13 )- 
Ru(CNXylyl) 4 ]PF 6 and from single-electron oxidations on Os(CNXylyl) 5 
with tropylium hexafluorophosphate ( 36). A brief mention of the formation 
of the salt [Ru 2 (L 2 ) 4 ](PF 6 ) 2 (L 2 = 2,5-dimethyl-2,5-diisocyanohexane) has 
appeared (37). 

A number of publications have appeared on the synthesis of cationic 
cobalt(l) complexes by known routes. The cations are of the well-established 
type [Co(CNR) 5 ] + (R = aryl) (779- 122). Reactions of aromatic isocyanides 
with Co 2 (CO) 8 in refluxing toluene have given the fully substituted cobalt(O) 
dimer Co 2 (CNR) 8 (R = xylyl, C 6 H 2 Me 3 -2,4,6, C 6 H 2 Br-4-Me 2 -2,6) (25,123). 

There are few other examples of complete substitution of carbonyl groups 
from a homoleptic metal-carbonyl complex by isocyanide ligands [cf. 
Ni(CO) 4 (24), Fe(CO), (26), and Mo(CO) 6 (124)]. The corresponding 
butyl isocyanide derivative Co 2 (CNBu') 8 was formed by reduction of 
[Co(CNBu') 5 ]PF 6 with potassium amalgam (79). 

Full papers have appeared on the synthesis, under mild conditions, of the 
rhodium and iridium cations [M(CNR) 4 ] + (M = Rh, Ir; R = alkyl, aryl) 
(125-129) from a variety of sources, e.g., [RhClL 2 ] 2 [L 2 = COD (126), 
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(CO) 2 (128), (C 2 H 4 ) 2 (129)] and [IrCl(CO) 3 ]„ (127). Stepwise addition 
of CNBu' to [RhCl(CO) 2 ] 2 has allowed the isolation of the intermedi¬ 
ates RhCl(CO) 2 CNBu', RhCl(CO)(CNBu') 2 , and RhCl(CNBu') 3 in 
[Rh(CNBu') 4 ] + formation (130). 

The [M(CNR) 4 ] + cations associate in solution giving intense violet, blue, 
or green oligomers. The dimer [Rh 2 (CNPh) g ](BPh 4 ) 2 has been fully charac¬ 
terized (131,132) and other dimeric rhodium(I) and iridium(I) compounds 
have been synthesized using a range of chelating diisocyanides. They in¬ 
clude [M 2 (L 2 ) 4 ] 2+ [M = Rh, L 2 = CN(CH 2 )„NC; n = 3,4,5,6 (133-135)-, 
M = Rh, Ir; L 2 = 2,5-dimethyl-2,5-diisocyanohexane(i7), meso-l,3-diiso- 
cyanocyclohexane (136)] (see Sections IV,D,2 and V,C). 

To date, only nickel, palladium, and platinum have formed homoleptic 
metal(O) isocyanide clusters. This may be due to two factors, either the 
greater tendency to nucleation in the group or simply the ready access to the 
highly labile metal(O) precursors M(COD) 2 [M = Ni (137), Pt (138)]. 

Muetterties and co-workers (21, 22, 60, 139 ) found that addition of 
deficiencies of isocyanides to Ni(COD) 2 gave the clusters Ni 4 (CNR) 7 
(R = Bu', C 6 H n ) and Ni 4 (CNBu') 6 . With isopropyl and benzyl isocyanides, 
dark brown and red solids of compositions {Ni 4 (CNPr') 6 }* and 
{Ni 4 (CNCH 2 Ph) 4 } x (x unknown) were obtained. Corresponding reactions in 
the presence of L [L = P(OMe) 3 , CNMe] gave Ni 7 (CNBu') 6 L. 

The complexes M 3 (CNR) 6 [M = Pd, R = Bu'(22, 60), M = Pt, R = alkyl 
(23, 140)], containing a triangle of palladium and platinum atoms, were 
synthesized by treating [CpPdC 3 H 5 ] 2 or Pt(COD) 2 with isocyanides. The 
multinuclear isocyanide cluster Pt 7 (CNXylyl) l2 was formed from reactions 
of Pt(COD) 2 and xylyl isocyanide in a 1:2 ratio or from reduction of 
PtCl 2 (CNXylyl) 2 with sodium amalgam (20). 

The first well-defined dicationic isocyanide nickel(II) complex 
[Ni(CNBu') 4 ](C10 4 ) 2 has been prepared from nickel perchlorate, CNBu', 
and ethanol (141). This compound completes the series [M(CNR) 4 ] 2+ 
(M = Ni, Pd, Pt); the latter two having been known for some time. The 
scarcity of isocyanide complexes of nickel(II) may be a consequence of 
the high catalytic activity of nickel complexes for isocyanide polymeri¬ 
zation. The formulation of the salts [Ni 3 (CNPh),,](CI0 4 ) 6 and 
[Ni 4 (CNPh), 4 ](C10 4 ) g , isolated from reactions of CNPh with Ni(C10 4 ) 2 , was 
proposed primarily from their magnetic behavior. A linear arrangement of 
nickel atoms was suggested (142). 

Chemical routes to palladium(l) and platinum(I) isocyanide complexes 
have been devised. Addition of CNMe to an aqueous solution of [MC1 4 ] 2_ 
(M = Pd, Pt) resulted in the rapid formation of [M(CNMe) 4 ] 2+ cations, 
which were isolated as the hexafluorophosphate salts. On standing, however, 
the cations [M(CNMe) 4 ] 2+ slowly converted over 18 hr to [M 2 (CNMe) 6 ] 2+ 
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via a mechanism which involved the oxidation and hydrolysis of a methyl 
isocyanide ligand [Eqs. (1)—(3)] (34). 

[M(CNMe)«] 2+ + H 2 0 - [(MeNC) 3 M(C(0)NHMe)] + + H + (1) 
[(MeNC)jM(C(0)NHMe}] + + H 2 0 - [(MeNC) 3 MJ + H + + C0 2 + MeNH 2 (2) 
[(MeNC) 3 M] + [M(CNMe) 4 ] 2+ - [M 2 (CNMe) 6 ] 2+ + CNMe (3) 

Earlier work by Otsuka et al. (33) had shown that coupling of Pd(CNBu') 2 
with PdX 2 (CNBu') 2 (X = Cl, Br, I) readily produced Pd 2 X 2 (CNBu') 4 . With 
this as an example, Balch and co-workers confirmed the above mechanism 
by obtaining the Pd(I) dimer from the reaction of a solution of 
Pd 2 (DBA) 3 • CHC1 3 in acetonitrile with [Pd(CNMe) 4 ] 2+ (34). Other workers 
have synthesized the compounds [PdX(CNR) 2 ] 2 and [Pd 2 (CNR) 6 ]Y 2 
(X = Cl, Br; Y = Cl, Br, PF 6 ; R= Me, Bu') by similar coupling reactions of 
PdCl 2 (NCPh) 2 and bis- or tris(dibenzylideneacetone)palladium(0) in the 
presence of excess CNR (35, 143). 

By varying the ratios of Pd(CNMe)* with respect to [Pd(CNMe) 4 ] 2+ or by 
adding Pd(CNMe), to [Pd 2 (CNMe) 6 ] 2+ in acetone solution, the linear trimer 
[Pd 3 (CN Me) 8 ](PF 6 ) 2 is formed (144). 


B. Carbonyl Substitution Reactions 

The ideal route to homoleptic isocyanide metal(O) complexes is via 
substitution of carbonyl ligands in metal-carbonyl compounds. This is 
simply because the carbonyls constitute the largest readily available source 
of transition metal compounds in low oxidation states. If one also considers 
the importance of metal carbonyl chemistry in synthetic organometallic 
chemistry and as catalysts in organic synthesis and industrial processes, the 
reasons for synthesizing and studying corresponding compounds containing 
the more versatile isocyanide ligand become apparent. However, the subtle 
differences between the 7t-acceptor and <r-donor properties of isocyanides 
and carbon monoxide have, until very recently, precluded the carbonyl 
substitution pathway as a viable route to highly substituted and homoleptic 
isocyanide-metal complexes. Traditionally, substitution reactions of metal 
carbonyls have been carried out thermally, usually in high boiling solvents 
and with long reaction times, or in sealed Carius tubes. A number of 
alternative routes have recently been investigated, but not all these routes 
have as yet been applied to isocyanide substitutions. For example, photoin- 
duced (145) and reagent-induced substitution, photoinduced (146, 147) 
and electrochemical-induced radical catalysis (148), the displacement of a 
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weakly coordinated ligand or ligands (e.g., olefins), or the chemical modifi¬ 
cation of an already coordinated group (e.g., CO, CS, CN“) have been 
investigated with limited success. Although photoinduction has been used 
to prepare CpMn(CNR) 3 (R = Me, Ph, C 6 H 4 Cl-p, C 6 C1 5 ) from CpMn(CO) 3 
(149), it has a limited application (presumably because of isonitrile polymer¬ 
ization) in isocyanide substitution reactions, as has the displacement of 
weakly coordinated ligands and the chemical modification of a coordinated 
group. However, electrochemical-induced substitution pathways via highly 
labile radical cations may yet provide a facile route to isocyanide com¬ 
pounds. Examples of chemical reagents that have been used to enhance 
substitutions are RhCI(PPh 3 ) 3 (150) (via carbonyl group abstraction), amine 
oxides (carbonyl oxidation) (151), borohydrides (kinetic labilization 
through transient hydride or formyl formation) (152), and hydroxide ions 
(in phase transfer catalysis) (153). 

One of the most remarkable recent advances in metal carbonyl substitu¬ 
tion chemistry has been the discovery by Coville and co-workers of the 
homogeneous and heterogeneous catalytic labilization of the metal - carbon 
bond in metal-carbonyl complexes (26-31). Considering that restrictions 
to catalysis involving metal carbonyl species can, in some instances, be 
related to the strength of the metal-carbon bond, these discoveries could 
have far-reaching implications. To exemplify these catalytic substitution 
processes, comparisons in the systems M(CO) 6 (M = Cr, Mo, W), 
CpMol(CO) 3 , CpFeI(CO) 2 , Fe(CO) 5 , Fe(CO) 4 (olefin), and Ir 4 (CO) l2 will be 
made. 

Thermal reactions of M(CO) 6 with neat isocyanides or with high boiling 
solvents such as decalin over extended periods (16 hr to days) has given 
mainly the monosubstituted product M(CO) 5 CNR [M = Cr, Mo, R = Bu' 
(154)\ M = Cr, Mo, W, R = M'RJ, M' = Si, Ge, R 1 = Me, Bu', Ph (755)]. 
Varying amounts of m-Mo(CO) 4 (CNMe) 2 (156) have been observed from 
thermal reactions but in only one instance has a direct thermal synthesis of a 
trisubstituted product been achieved. Thus, treatment of W(CO) 6 with neat 
CNBu' gave fac- W(CO) 3 (CNBu') 3 after about four days (115). 

Recently, phase transfer catalysis involving chemical modification of a 
carbonyl group has been used to achieve the substitution products 
M(CO) 5 CNR (M = Cr, Mo, W; R = Bu', C 6 H 4 Me-p) and cis- M(CO) 4 
(CNR) 2 (M = Mo, W; R = Bu', C 6 H 4 Me-p) in 1 hr. The two-phase system 
used was benzene/50% aqueous sodium hydroxide, and the products 
formed as mixtures in 37-80% yield (152). 

The most successful and widely used synthesis of higher substituted 
derivatives of M(CO) 6 (M = Cr, Mo, W) is via the thermal displacement of 
mono- or polyhapto ligands from the appropriate carbonyl complex. Thus, 
from C 7 H 8 M(CO) 4 (M = Cr, Mo, W; C 7 H 8 = norbomadiene, cyclohepta- 
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triene), /ac-M(CO) 3 (NCMe) 3 (M = Cr, Mo), and (C 6 H 8 ) 2 M(CO) 2 
(M = Mo, W), substituted products of general formula c«-M(CO) 4 (CNR) 2 , 
fac- M(CO) 3 (CNR) 3 (M = Cr, Mo, W; R = alkyl, aryl) (154,157,158), and 
m-M(CO) 2 (CNBu') 4 (M = Mo, W) were obtained (154). 

In contrast, stepwise substitution reactions on M(CO) 6 (M = Cr, Mo, W) 
have been achieved with a series of heterogeneous catalysts including co- 
balt(II) chloride (27), activated charcoal (159), and platinum metals dis¬ 
persed on oxide or carbon supports (31), to give mono-, di-, tri-, and 
complete substitution (124) in yields >90%. Representative reaction times 
are given in Table II (159). The efficiency of the method was further 
demonstrated by the stepwise synthesis of the mixed isocyanide complexes 
m-Mo(CO) 4 (CNMe)(CNBu') and /ac-Mo(CO) 3 (CNMe)(CNBu') 2 from 
Mo(CO) 6 in <25 min in 85 and 95% yields, respectively (159). 

Thermal substitution reactions of CpMoY(CO) 3 (M = Mo, W; Y = 
halide) are difficult to accomplish. Though the products CpMoY 
(COWCNRyjc = 1,2; R = Me, Y = Cl (160, 161); R = Bu', Y = Cl 
(162); x = 1, R = Bu', Y = Br, I (163)] have been isolated after long 
reaction times; they form as mixtures with the salt [CpMo(CNR) 4 ]Y, with 
the proportion of the salt increasing with increasing ratios of isocyanide to 
starting complex. Recently, however, Coville has shown that stepwise sub¬ 
stitution is effected with short reaction times (<30min) using 
[CpMo(CO) 3 ] 2 as a catalyst to give CpMoI(CO) 3 _ J[ (CNR) x (jr = 1,2; M = W, 
R = Bu'; M = Mo, R = Bu', CH 2 Ph, xylyl; x = 3, M = Mo, R = xylyl). 
These compounds represent the only trisubstituted halide complexes and 
substituted tungsten halide compounds known with isocyanides. A free 
radical chain mechanism involving initial homolytic fission of the Mo- Mo 
bond in the dimer is proposed (164). 

Fe(CO)j is fairly inert to substitution reactions, usually requiring Carius 
tube reactions or high boiling solvents, both with extended reaction times, to 
reach, in the case of isocyanides (165), disubstitution. As a testimony to the 
unreactivity of Fe(CO) s only three publications have appeared on isocya¬ 
nide reactions with complexes related to this molecule since 1974. Thus, 
photolysis of Fe(CO) 3 {P(OAryl) 3 } 2 in the presence of CNMe gave 
Fe(CO) 2 {P(OAryl) 3 ) 2 (CNMe) (166), substitution reactions on Fe(CO) 4 MA 
with CNCH 2 Ph produced Fe(CO) 4 _ Jt (CNCH 2 Ph) jr MA (jc = 1 -3)(167), and 
the reaction of Fe 3 (CO), 2 with CN(CH 2 )„NC (n = 2,6) produced exclusively 
the dimer [Fe(CO) 4 ] 2 CN(CH 2 )„NC (168). 

The discovery that additions of catalytic amounts of CoCI 2 , activated 
carbon, or metals on metal oxide or carbon supports are extremely effective 
in labilizing carbonyl groups in Fe(CO) 5 is thus particularly noteworthy. 
Stepwise substitution products Fe(CO) 5 _ x (CNR) x (jc = 1-5) have been 
obtained in high yield with short reaction times using these catalysts (see 
Table III) (159). 



TABLE II 

Reaction Conditions for the Catalyzed Synthesis of the Complexes [MfCOl^CNCHjPh),,) 
(M — Cr, Mo, W; n = 1-3) with Pd/C in Refluxing Toluene 


Complexes 

Reaction 
time® (min) 

Complexes 

Reaction 
time" (min) 

Complexes 

Reaction 
time" (min) 

[M(CO) 5 (CNCH 2 Ph)]‘ 
M = Cr 

4 

m-[M(CO) 4 (CNCH 2 Ph) 2 K 
M = Cr 

15 

/ac-[M(CO) 3 (CNCH 2 Ph) 3 ]‘' 
M = Cr 

60 

M = Mo 

2 

M *= Mo 

2 

M = Mo 

6 

M = W 

2 

M = W 

4 

M = W 

15 


" As determined by IR spectroscopy. 
* Yields between 87 and 93%. 
r Yields between 92 and 98%. 
d Yields between 93 and 98%. 



TABLE Ill 


Reaction Times for the Formation of the Complexes [Fe(CO)j_ n (CNR)„] (n = 3-5. R = Me. 
C 6 H„, Bu', CH 2 Ph, Ph, C 6 HjMe r 2,6, C 6 H 2 Me 3 -2.4.6) 


Complexes 

Reaction 
time* (min) 

Complexes 

Reaction 
time* (min) 

Complexes 

Reaction 
time* (min) 

[Fe(CO) 2 (CNR) 3 ]‘ 


[Fe(COKCNR) 4 ] c 


[Fe(CNR)j] c 


R = QHjMej-2,6 

25 

R = QH 3 Me 2 -2,6 

5 

R = C 6 H 3 Me 2 -2,6 

10 

R = C 6 H 2 Me 3 -2,4.6 

5 

R = C 6 H 2 Me 3 -2,4.6 

5 

R = C 6 H 2 Me 3 -2.4,6 

10 

R = Ph 

5 

R = Ph 

5 

R = Ph 

10 

R = Bu' 

35 

R = Bu' 

720 



R = Me 

180 





R = C 6 H„ 

35 






“ As estimated by 1R spectroscopy. 
* Yields between 50 and 78%. 

■ Yields between 50 and 60%. 
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Rhodium(I) or polymer supported rhodium(I) compounds catalyzed the 
formation of FeCCOJ^CNR^L (x = 1 -3; R = Bu', xylyl; L = MA, citra- 
conic anhydride, acrylamide) (29, 30), and the dimer [CpFe(CO) 2 ] 2 cata¬ 
lyzed the stepwise substitution of carbonyl groups in CpFeI(CO) 2 to give 
CpFeUCO^CNR)* (x = 1,2; R = Bu', xylyl) in 60-80% yields. A non¬ 
chain free-radical mechanism was proposed for the latter reaction (28). The 
compounds CpFeXfCOk^CNR)* (x = 1,2; X = halide, SiMe 3 ) are known 
for a range of alkyl and aryl isocyanides (169-171). 

This catalytic labilization of carbonyl groups has been extended to the 
replacement of carbonyls in metal carbonyl clusters. Metal cluster com¬ 
plexes are at present the subject of extensive studies, partly because of their 
possible relevance as models for chemisorbed metal surfaces and because of 
their catalytic activity. The majority of these clusters contain carbonyl 
ligands, and these have been prepared from the vast number of metal 
carbonyl precursors generally available by a variety of synthetic methods 
usually without recourse to designed or rational procedures. In metal 
isocyanide chemistry, however, suitable precursors are lacking, and as a 
consequence, there are few routes to homoleptic metal - isocyanide clusters, 
and few isocyanide clusters are known (see Section IV,A). 

Uncatalyzed substitution of carbonyls by isocyanide ligands in carbonyl 
clusters has found limited scope, but has in some cases revealed interesting 
bonding modes and highlighted the versatility of the isonitrile ligand (see 
Section IV,D,2). Substitution reactions on the clusters M 3 (CO), 2 by iso¬ 
cyanides in high boiling solvents has given up to trisubstitution for iron and 
ruthenium (172, 173) and tetrasubstitution for osmium (174). In the os¬ 
mium case the precursors Os 3 (CO), 2 _ Jt (NCMe) JC [x= 1(175), 2 (176)] were 
used to synthesize mono- and disubstituted isocyanide products. Corre¬ 
sponding reactions with the hydrides H 4 Ru 4 (CO) 12 and (^-H) 2 Os 3 (CO) l0 
gave the complexes H 4 Ru 4 (CO) 12 _ jc (CNBu') jc (x = 1,2,4) (173), 

(^-H)HOs 3 (CO) io (CNBu'), and (//-H) 2 Os 3 (CO) 9 (CNBu') (176a). 

Up to five carbonyl groups have been replaced by isocyanides in 
Co 4 (CO) 12 to give Co^COJu-j^CNR)* (x = 1-5, R = Bu'; x = 1-4, 
R = Me, C 6 H n ) (177), whereas in the corresponding iridium carbonyl 
reasonable yields of mono- to tetrasubstituted products Ir 4 (CO), 2 _ x (CNR) JC 
(x = 1-4; R = Me, Bu') were only obtained with Me 3 NO (66). With 5% 
palladium on carbon as a catalyst stepwise substitution of up to seven 
carbonyl groups in Ir 4 (CO) 12 was effected in refluxing toluene with reaction 
times of 10 -15 min (32). 

Other interesting carbonyl substitutions have been reported. The lability 
of ammonia in [ V(CO) 5 NH 3 ]~ has been utilized as a route to the isocyanide 
carbonyl anions [V(CO) 5 CNR] _ (R = Me, Bu', C 6 H n , Ph), one of the few 
anionic complexes containing isocyanide ligands known (178). Mixing 
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Cr(CNPh) 6 with Cr(CO) 6 has given the missing chromium congeners 
Cr(CO)(CNPh) 5 and m-Cr(CO) 2 (CNPh) 4 (779). 

Substitution reactions of CpMo(CO) 3 R (R = Me, CH 2 Ph) and 
CpMo(CO) 2 R (R = NO, N 2 C 6 H 4 Me-/?) with CNBu' have given 
CpMo(CO) 2 (CNBu')COR (R = Me, CH 2 Ph) and CpMo(CO) 2 _ x (CNBu')^R 
(x= 1, 2; R = NO, N 2 C 6 H 4 Me-p) (163). The reactions of CNBu' on 
CpMo(CO) 3 {C(Cl)C(CN) 2 ) were accompanied by an interesting rearrange¬ 
ment and insertion which gave CpMo(CNBu') 2 {>/ 2 -CH(CN)=C(CN) 2 }Cl 
(isolated in two isomeric forms) and 14. Other products isolated during this 


<§) 

.Mo- 

cr | ^cnc(ch 3 ) 3 



(14) 

study were CpMo(CO) 2 (CNBu')(C(X)=C(CN) 2 ) (X = Cl, CN) and two 
isomers of CpMo(CNBu') 2 {/rfl«.s-C 2 (CN) 2 H 2 }Cl (162). 

Substitution products of M 2 (CO) 10 (M = Mn, Re) containing isocyanides 
have been obtained thermally and by nucleophilic attack on 
Mn(CO) s _ Jt (CNR) x X (X = halide) by [Mn(CO) 5 ]~. Products characterized 
were M 2 (CO) l(Hx (CNR) ;t (M = Mn, x = 1 -4, R = alkyl, aryl (172, 180, 
181); M = Re, x = 1, R = Me (181)). A Raman investigation of these 
compounds suggests weakening of the metal-metal bond on substitution 
(757). The manganese complexes represent some of the very few examples 
of equatorial subsitutions. 

The three series MfCO^CNR^X [jc = 1-5; M = Mn, X = 
halide, SnCl 3 (182, 183); M = Re, X = halide (184)], [M(CO) 6 _ ;t (CNR)J + 
(x = 1 -6; M = Mn (779, 182, 183); M = Re (184)), and 

CpMn(CO) 3 _ ;t (CNR) Jt (x = 1-3) (180) have been completed for alkyl and 
aryl isocyanides. The product Re(CO) 2 (CNMe) 3 Br was isolated in three 
isomeric forms, fac, mer-trans, and trans, an important precedent in substi¬ 
tutions of M(CO) 5 Br (184). 

The substituted products Cp 2 Fe 2 (CO) 4 _ x (CNR) Jt (R = Me, Bu'; x = 1 - 3) 
have been prepared from the parent carbonyl as part of detailed NMR 
studies of their fluxional behavior in solution (see Section IV,D, 1) 
(185-190). Compounds of general formula (dienyl^M^CO^-^CNR)* 
[dienyl = Cp, C 5 H 4 Me, C 9 H 7 ; M = Fe, Ru; x = 1, 2; R = alkyl, aryl] 
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(191 - 195) and {Cp 2 Fe 2 (CO) 3 } 2 CN(CH 2 )„NC (n = 2, 3,4,6) (168) have also 
been reported as products of direct substitution reactions. It is surprising 
that in these studies Cp 2 Fe 2 (CO)(CNR) 3 has been obtained only for alkyl 
isocyanides with aryl isocyanides, giving at the most disubstitution and then 
in poor yields {e.g., for CNPh yields of < 1% are reported (192)). Yields 
of between 27 and 73% of Cp 2 Fe 2 (CO) 4 _^CNPh) Jt (jc = 1-3) have 
been obtained, however, from interactions of [CpFe(CO) 2 ] - with 
[CpFe(CO) 3 _ J( (CNPh)J + (x = 1-3). The first example of the fully substi¬ 
tuted dimer Cp 2 Fe 2 (CNPh) 4 was obtained by treating [CpFe(CNPh) 3 ]+ with 
one equivalent of the isocyanide acceptor Na 2 Cr(CO) 5 (196). The stability of 
this latter complex prompted a reinvestigation of the reaction between 
[(C 5 H 4 R)Fe(CO) 2 ] 2 and the aryl isonitriles, CNPh and xylyl isocyanide. 
Contrary to previous reports, the complexes (C s H 4 R') 2 Fe 2 (CNR) 4 (R 1 = H, 
Me, C0 2 Me; R = Ph, xylyl) formed in 70-80% yield within 1 hr in reflux¬ 
ing toluene. The reaction rates followed the sequence C 5 H 4 C0 2 Me > Cp > 
C 5 H 4 Me, suggesting a rate enhanced by increasing electrophilicity of the 
metal atom centre (45). The low yields in previous reactions was attributed 
to workup problems, specifically to complex decomposition during chro¬ 
matographic separations. 

Pyrolysis of the carbonyl isocyanide complexes Ru 3 (CO),,CNBu' (63) 
and Os^COJu-^CNBuOx (x = 1, 2) (197) has produced the high nuclear 
clusters Ru 5 (CO) 14 (CNBu') 2 , Os 6 (CO) 18 _ x (CNBu')* (x = 1-5) and a prod¬ 
uct tentatively formulated as Os 6 (CO), 7 (CNBu') 2 . This latter product may 
be regarded as a substitution product of the unknown Os 6 (CO) 19 or may be 
related to Os 6 (CO), 8 (CNC 6 H 4 Me-p) 2 (198) by addition of a metal-metal 
bond. 

The cobalt(l) and cobalt(III) cyclopentadienyl derivatives C 5 RJ 
Co(CO) 2 _*(CNR) x (x = 1, 2; R = Bu'; R 1 = H, Me) (199), CpCo(CNR)I 2 , 
[CpCo(CNR) 2 l]PF 6 , and [CpCo(CNR) 3 ](PF 6 ) 2 (R = Me, C 6 H 4 OMe-/>) 
(200) were prepared from C 5 R]Co(CO) 2 and CpCo(CO)I 2 , respectively. 


C. General 

The high basicity of the cation [Cp 2 V] + , generated from Cp 2 VCl in 
aqueous solution, has been shown by the rapid formation of [Cp 2 VL 2 ]+ 
{L 2 = (CO) 2 , (CNC 6 H n ) 2 , dpe} with ^-acceptor ligands (201, 202). 

Treatment of the olefin-hydrides Cp 2 Ta(H)L (L = C 3 H 6 , 1-butene) with 
the aryl or alkyl isocyanides CNR (R = xylyl, C 6 H U , Me, Bu') effected 
insertion of the olefin into the Ta-H bond to give Cp 2 TaR‘(CNR) (R 1 = 
C 3 H 7 , C 4 H 9 ). The observation that these alkyls do not convert to iminoacyl 
compounds, has been ascribed to the “carbenelike” character of the Ta-C 
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bond as a result of the strong 7t-donor properties of Cp 2 TaR. Further 
evidence for this bonding mode came from the reaction with AlEt 3 which 
produced the two isomers 15 and 16 in the ratio of 2:1 (203). 



Cp 2 To CpgTa 

\ 


Addition of CNBu' to the halocomplex MoC 1 4 (THF) 2 in nonpolar sol¬ 
vents gave [MoC1 3 (CNBu') 3 ]C1 (204), whereas MoC 1 4 and CNR in methanol 
formed [MoCl(0)(CNR) 4 ] + (R = alkyl). The bromine analog of the latter 
salt was prepared from Mo(CO) 6 , bromine, and CNMe in methanol. These 
compounds represent rare examples of an oxomolybdenum(lV) species 
(117). 

Corresponding treatment of WC1 6 with CNBu' in nonpolar solvents has 
given trans- WC1 4 (CNBu') 2 (204). 

The interaction of CpMoI(CO) 2 CNMe with Na[CpMo(CO) 3 ] gave the 
monosubstituted dimer Cp 2 Mo 2 (CO) 5 CNMe, which is the only example of 
this type known (205). 

Replacement of ligands in C 3 H 5 MoCl(CO) 2 (NCMe) 2 by isocyanides has 
given the substituted products C 3 H 5 MoC 1(CO) 2 (CNR) 2 (R = alkyl) and 
C 3 H 5 MoC1(CO)(CNBu') 3 , and the reduced products [MoC1(CNBu') 4 ] 2 and 
m-Mo(CO) 2 (CNR) 4 (R = Me, Et). No rationale for the loss of allyl and allyl 
chloride in the latter two cases was proposed (206). These reactions are rare 
examples of the formation of low-oxidation state metal-isocyanide com¬ 
plexes via reductive elimination of allyl or allyl chloride from metal-allyl 
species. The potential applications of mono-, bis-, and tris-7t-allylic systems 
as precursors to low-oxidation state compounds remain to be explored. 
Substitution and simultaneous reduction of Mo(SBu') 4 also occurred on 
reaction with CNBu' to give Mo(SBu') 2 (CNBu') 4 (207) (see Section IV,D,2). 

Isonitriles displace dinitrogen quantitatively from m-M(N 2 ) 2 (PMe 2 Ph) 4 
(M = Mo, W) (56) and /ram-M(N 2 ) 2 (L 2 ) 2 (M = Mo, L = PMePh 2 (56); 
M = Mo, W, L 2 = dpe (55)) in benzene solution under UV irradiation. The 
products formed from the cis isomers were m-M(CNR) 2 (PMe 2 Ph) 4 , trans- 
M(CNR) 2 (PMe 2 Ph) 4 , m^r-M(CNR) 3 (PMe 2 Ph) 3 , and m-M(CNR) 4 - 
(PMe 2 Ph) 2 , and from the trans isomers, rwr-Mo(CNR) 3 (PMePh 2 ) 3 , trans- 
Mo(CNR) 4 (PMePh 2 ) 2 (56J, and /ram-M(CNR) 2 (dpe) 2 (55), with a range of 
alkyl and aryl isocyanides. The mechanism of the sequential displacement 
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of N 2 from m-Mo(N 2 ) 2 (PMe 2 Ph) 4 by CNMe involves dissociation via the 
intermediate m-Mo(N 2 )(CNMe)(PMe 2 Ph) 4 . For CNBu' substitution, the 
only detectable intermediate appears to be Mo(CNBu')(PMe 2 Ph) 4 and no 
intermediate was detected in reactions of /ra«5-Mo(N 2 ) 2 (dpe) 2 with CNMe. 
An order of cis ligand labilization of N 2 was given as CNBu' > CNMe > 
N 2 > NCR (208). 

Qualitative molecular orbital calculations on MY 2 L 4 (M = Mo, W; 
Y = N 2 , CNMe; L = tertiary phosphine or arsine) have shown that isoni¬ 
triles and dinitrogen behave as strong n acceptors (209). The 7r-acceptor 
properties, together with the electron donor properties of the ML 4 site, 
account for the carbene-like character of the CNC bond, resulting in particu¬ 
larly low v(NC) values, reduced CNC bond angles, and fairly short Mo-C 
distances (see Section IV,D,2). The low temperature electronic absorption 
spectra of [Mn(CNPh) 6 ]*+(/7 = 1,2) and M(CNPh) 6 (M = Cr, Mo, W)(2/0) 
and the far-lR and Raman spectra of [Mn(CNR) 6 ]+ (R = Me, Ph, C 6 H 4 Cl-p) 
(211) have been recorded and assigned. 

Extensions of the limited number of halo-isocyanide-rhenium com¬ 
plexes have been reported. Treatment of [Re 2 Cl g ] 2_ with CNMe in methanol 
produced [ReCl 3 (CNMe)]“, one of the few examples of an anion containing 
an isocyanide ligand (118). The reaction of K 2 ReI 6 with an excess of CNR 
in acetone or ethanol gave the violet paramagnetic Re 3 I 6 (CNC 6 H,,) 6 
(17) (L' = CNQH,,) (212) or yellow diamagnetic ReI(CNC 6 H 4 Me-/>) 5 



L = CNCgH,, 
l‘= I, CNC 6 H |( 
( 17) 


(213). With a deficiency of isocyanide and short reaction times in ethanol 
diamagnetic ReI 3 (CNC 6 H 4 Me-p) 4 precipitated from solution, and 
ReI 3 (CNC 6 H 4 Me-/?) 3 was obtained from the mother liquors (213). Two 
products arise from reactions of Re 3 I 9 with isocyanides. The trimer 
Re 3 I 6 (CNC 6 H n ) 3 (18) results from dichloromethane solution whereas 
Re 3 I 9 (CNC 6 H,,) 3 (17) (L' = I) is the product formed from ethanol (212). 
The type of products obtained from the bromo analog K 2 ReBr 6 depends on 
both the isocyanide and the reaction conditions; ReBr 3 (CNC 6 H 4 Me-/7) 3 is 
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L= cnc g h m 
(18) 

the sole product from ethanol with this isocyanide (213), whereas 
[ReBr 2 (0)(CNC 6 H,,) 2 ] 2 (19) is formed under the same conditions with 


L v]/VI/ L 

\r I I N. 


= CNCgH, 
(19) 


CNC 6 H n . Neat cyclohexylisocyanide and K 2 ReBr 6 produced irans- 
ReBr 2 (CNC 6 H,,) 4 (212), whereas ReBr 3 (CNR) 4 resulted from CNR 
(R = Me, C 6 H 4 Me-p) and ReBr(COXCNR) 4 and bromine (214). 

Isocyanides have been used to probe the bonding sites in hemoproteins 
and related compounds (215-219). Additions of CNCH 2 Ph, PBug, and 
P(OEt) 3 to Fe(II)cap (cap = dianion of capped porphyrine) has produced 
five-coordinate low-spin iron(II) compounds by tr-acid destabilization of the 
dz 2 orbital of the iron(II) porphyrin (215). 

Few publications relating to new isocyanide complexes of iron, ruthe¬ 
nium and osmium in the (II) or (III) oxidation state have appeared. Reac¬ 
tions of MX 3 L„ (M = Ru, X = C1, Br, L= AsPh 3 , PPh 3 , n = 2, 3; 
M = Os, X = Cl, L = AsPh 3 , n = 3) with CNC 6 H 4 Me-p have given 
MX 3 (CNC 6 H 4 Me-p) Jt L 3 _ Jt [M = Ru, X = Cl, Br, L = AsPh 3 , x = 2 (220), 
L = PPh 3 ,x = 1 (22/); M = Os, X = Cl, L =AsPh 3 ,x = 2(222)], which in 
the osmium case was isolated in three isomeric forms. The isomerization of 
/rarts-RuCl 2 (CNBu') 2 (PPh 3 ) 2 occurs under UV irradiation via the photo 
elimination of PPh 3 (223), whereas for tram-RuX 2 (CNEt) 2 (EPh 3 ) 2 (X = Cl, 
Br; E = P, As, Sb) isomerization to the cis isomer is effected in high boiling 
solvents (224). 

Treatment of the ^-arene compounds [C 6 H 6 RuC 1 2 ] 2 with cyclohexyliso¬ 
cyanide gave only C 6 H 6 RuCl 2 (CNC 6 H n ), whereas ?ram-RuCl 2 (CNR) 4 
(R = aryl) was formed with aryl isocyanides (225). These latter compounds 
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were synthesized earlier by Malatesta et al. (226) as mixtures of the cis and 
trans isomers from RuX 3 xH 2 0 and the appropriate isocyanide in boiling 
alcohol, and recently as intermediates in the reduction of mixtures of 
RuC1 3 • aH 2 0 and isocyanide with Na/Hg to ruthenium(O) isocyanide com¬ 
pounds (16). Considering the widespread interest in clusters and the possible 
routes to isocyanide clusters by reduction of species like FeX 2 (CNR) 2 and 
MX 2 (CNR) 4 (M = Fe, Ru) it is surprising that few simple routes to metal - 
halo isocyanide complexes in this group have appeared. In fact until recently 
there were no osmium(Il) halo isocyanide complexes known. Recent inves¬ 
tigations have found, however, high yield syntheses to the osmium chloro- 
compounds [OsCl^CNR)^ (x > 2), CODOsC 1 2 (CNR) 2 and cis- and trans- 
OsC 1 2 (CNR) 4 (R = Bu', xylyl) from the polymer [CODOsClj]* (x > 2) and 
from CODOsCl 2 (NCMe) 2 (32). 

Useful compounds have recently been synthesized from reactions of 
CpRuCl(PPh 3 ) 2 with CNR (R = alkyl, aryl) (68). The products 
[CpRu(CNR)_^PPh 3 ) 3 _JPF 6 (jc= 1, 2) and CpRuCKCNR^PPh^ 
(x = 1,2) might be precursors to some interesting reaction products, espe¬ 
cially CpRuCl(CNR) 2 , which could provide a route to the as yet unknown 
[CpRu(CNR) 2 ] 2 . 

Metal-metal bond cleavage in Ru 2 Cl(0 2 CMe) 4 is effected by CNBu' to 
yield /ra«s-Ru(0 2 CMe) 2 (CNBu') 4 . Bond weakening was ascribed to the 
ability of CNBu' to delocalize electron density not only from the antibond¬ 
ing HOMOs but also from the metal-metal bond orbitals (11). Attempts 
have been made to effect reductive elimination of CH 3 COOH from 
RuH(O z CMe)(PPh 3 ) 3 by CNBu' without success. The complex isolated was 
RuH(0 2 CMe)(CNBu') 2 (PPh 3 ) 2 , and considering in general the tendency of 
aryl isocyanides to preferentially stabilize lower oxidation states, when 
compared with alkyl isocyanides the choice of CNBu' may not have been 
propitious (227). 

Displacement of labile groups from ruthenium(II) and osmium(II) cat¬ 
ions has led to a series of very interesting reaction products. For example, 
during an investigation into the solution dynamics of the highly reactive salt 
[CODRuH(NH 2 NMe 2 ) 3 ]PF 6 , the dienyl complexes [(t/ l ,^ 2 -C g H 13 )Ru 
(CNR) 4 ]PF 6 (R = Bu', xylyl) were isolated as intermediates in the conver¬ 
sion of the hydride to the t^-allyl compounds (228). These isocyanide 
complexes undergo some unusual decomposition reactions in solution and 
in the solid state (36). Refluxing [(»/',^ 2 -C 8 H t3 )Ru(CNBu') 4 ]PF 6 in dry ace¬ 
tone for 12 hr gave cyclooctene and 4-methylpent-3-ene-2-one. In deutero- 
acetone, cyclooctene-^, was formed, together with a range of deuterated 
and partially deuterated aldol condensation products. The evidence pointed 
to a homolytic cleavage of the Ru-C bond. This conclusion was further 
enhanced by the isolation of the dimeric ruthenium(I) salt [Ru 2 - 
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(CNXylyl) 10 ](PF 6 ) 2 from corresponding reactions of [(r/'^-CgH^Ru- 
(CNXylyl) 4 ]PF 6 . When [(f/ l ,^ 2 -C 8 H 13 )Ru(CNBu , ) 4 ]PF 6 was refluxed in ace¬ 
tone containing water, methanol, ethanol, or n-propyl mercaptan the di¬ 
meric ruthenium(II) complexes (20) (X = 0,S) were obtained. 




L = CNBu* 

( 20 ) 

In contrast, melting the salt [(f/'.^-CgHuJRufCNXylyO.JPFo produced 
four organic products (Fig. 2), together with the dimer [Ru 2 (CNX- 
ylyl)io](PF 6 ) 2 - No mechanism has yet been proposed for these reactions but 
once again a radical process appears to be implicated (36). The ruthenium 
methyl complex [CODRu(Me)Cl(NCMe)] 2 has also provided a route to 
reactive ruthenium(I) complexes; the dimer Ru 2 Cl 2 (CNXylyl) 6 (21) (L = 



(21) 


CNXylyl) formed in high yield from reactions with CNXylyl in acetone 

U8). 

Other ruthenium and osmium compounds that have been investigated as 
precursors to isocyanide complexes are [CODOsCl(N 2 H 4 ) 3 ] + , 
[CODM(N 2 H 4 ) 4 ] 2+ (M = Ru, Os) and [CODRu(NH 2 NHMe) 4 ] 2+ , and these 
formed wer-[M(CNBu') 3 (N 2 H 4 ) 3 ] 2+ and /ra«s-[M(CNR) 4 L 2 ] 2+ (M = Ru, 
Os; L = N 2 H 4 , NH 2 NHMe; R = Bu', CH 2 Ph, xylyl) from alcohols, and the 
hydrazones m£T-[Ru(CNBu') 3 (NH 2 NCMe 2 ) 3 ] 2+ , /ram , -[Ru(CNBu') 4 - 
(NH 2 NCMe 2 ) 2 ] 2+ , and [CODOs(CNR) 2 (NH 2 NCMe 2 ) 2 ] 2+ (R = Bu', xylyl) 
from acetone, and CNR (36, 229). 

Reactions of isocyanides with metal-metal multiple-bonded dimers of 
molybdenum, rhenium, ruthenium, and rhodium have effected cleavage of 


coO OO 

Fig. 2. The four organic products produced from melting the salt [(ij',i^-C g H,j)Ru(CNX- 

yiybJPFv 
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the metal - metal bond in all cases except for rhodium. It is proposed that the 
binuclear axial adducts Rh 2 (0 2 CR 1 ) 4 (CNR)2 [R 1 = H, Me, Et; R = C 6 H n 
(230)-, R 1 = Me; R = Bu' (77)], formed from Rh 2 (0 2 CR‘)4, retain a metal- 
metal bond because the re-acceptor properties of the isocyanide strengthen 
this bond by effectively delocalizing electron density from HOMO’S which 
are metal-metal antibonding orbitals (77). 

Full papers have appeared on the formation and reactivity of the com¬ 
pounds ML(CNR) 2 (M = Ni, Pd, Pt; L = 0 2 , azobenzene, olefin, diazo- 
fluorene, acetylene) ( 231-237 ) (see also Sections IV,D,2 and V,D). Com¬ 
plexes of the type Ni(olefin)(CNBu') 2 have been prepared for a large range of 
olefins (234, 237). The isocyanide stretching frequencies have been mea¬ 
sured and related to the electron-withdrawing properties of the olefin. Other 
unsaturated molecules such as imines, diazenes, ketones, nitroso com¬ 
pounds, and acetylenes have been similarly studied. The effect of substituent 
change has been found to be cumulative and an empirical relationship has 
been developed to predict v(NC) (237). 

Other related complexes that have been characterized are ML(CNBu') 2 
[M = Ni, Pd, L = 9-diazofluorene; M = Ni, L = diphenyldiazomethane 
(22) (238)], ML(CNBu')(PPh 3 ) (M = Ni, Pd; L = 9-diazofiuorene) (238, 

Ph 

Bu’nC v ^C — Ph 

Bu'NC^ 

(22) 

239) and M{C(CF 3 ) 2 NN=C(CF 3 ) 2 )(CNR) 2 (M = Ni, Pd, R = Bu'; 
M = Pd, R = C 6 H m ) (240). The platinum compounds PtL(CNBu') 2 (L = 
olefin (241), acetylene (48)) were prepared from PtL(COD) and CNBu', or 
from Pt 3 (CNBu') 6 and the olefin. Pt(Ph 2 C 2 )(CNBu') 2 further reacts with 
Pt(C 2 H 4 )(PPh 3 ) 2 to give 23 (241a). The displacement of ethylene from 



L B CNBu* 

L 1 = PPh 3 
(23) 

Pt(C 2 H 4 )(PPh 3 ) 2 (55) or the reductive elimination of 1-cyanoalkane from 
PtH{(CH 2 )„CN)(PPh 3 ) 2 (n = 1, 3) (242) with isocyanides gave 

Pt(CNR) 2 (PPh 3 ) 2 (R = alkyl, aryl). In the latter reaction the intermediate 
PtH(CH 2 CN)(CNR)(PPh 3 ) was isolated. 



238 


E. SINGLETON and H. E. OOSTHUIZEN 


Addition of the chelating diisocyanide p- 1,8-diisocyanomethane (DMB) 
to nickel chloride or bromide in methanol has given the salt 
[Ni 2 X(DMB) 4 ](PF 6 ) 3 (X = Cl, Br), on addition of a counteranion (37). 

Novel dinuclear platinum(I) hydrides were obtained by treating 
[Pt 2 (dpe) 2 H 3 ]X with CO or CNR (R = Me, Bu', C 6 H 4 Me-p). For R = Me, 
or C 6 H 4 Me-p, IR data of the violet compound indicate a bridging isocyanide 
group [v(CN) 1645-1660] and, in the absence of v(Pt-H), a bridging 
hydride group (24). For bulky R = Bu' however, the complex isolated is 
yellow and has v(CN) at 2160 and v(Pt-H) at 1995 cm-' indicating that 
both groups are terminal (25) (243). 


/ P \ 

[ pi-pi ) 

v,/ \ / 


'p —PI 



P-P =dp» 


L= CNBut 


(24) 


(25) 


A range of nickel(II), palladium(II), and platinum(II) and (IV) complexes 
of general formulas [MX(CNR)L 2 ]+ (M = Ni, Pd, Pt; X = halide, Me; 
L 2 = COD; L = phosphine, arsine, CNR) (244-246), [MXY(CNR) 2 ]"+ 
(M = Pt; X = Y = Me, CF 3 , halide, SCN, X = Me, Y = Cl, n = 0; X = 
Y = phosphine, n = 2; (246-248), [PtRi(CNR) 2 L 2 ]+ (R< = Me, CF 3 ; L = 
phosphine) (248, 249) and [PtMe 3 (CNR)^L 3 _J+ (x = 1,2; L = phosphine) 
(250, 251) have been prepared with alkyl and aryl isocyanide ligands. The 
five-coordinate salt [PtI(CNMe) 2 (PR 3 ) 2 ]BF 4 was formed by adding [Bu^N]! 
to [Pt(CNMe) 2 (PR 3 ) 2 ](BF 4 ) 2 (252). 

Trimetallic complexes of platinum(II) have been synthesized by interact¬ 
ing the neutral halides PtX 2 (CNR) 2 (R = Bu', C 6 H U ; X = Cl, I) with a 
series of carbonylmetallate anions to give the neutral compounds trans- M- 
Pt(CNR) 2 -M (M = Co(CO) 4 , Co(CO) 3 PPh 3 , Fe(CO) 3 NO, Mn(CO) 5 , 
CpM'(CO) 3 ; M 1 = Cr, Mo, W) (253). 


D. Physical Properties 


1 . NMR Studies 

Some generalizations can be made from the 13 C NMR spectra recorded 
for metal-isocyanide complexes. In many cases difficulties are experienced 
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in observing the resonance of the isonitrile carbon (254- 25 7), but the use of 
relaxation agents, long accumulation times, and repetition times of 1 sec 
have partially overcome this problem (258). The isonitrile ligating carbon 
resonance, which should appear as a 1:1:1 triplet from l3 C- l4 N spin 
couplings, is usually observed as a broad singlet or a triplet with a more 
intense central peak stemming from quadrupolar relaxation of the coupling. 
J( I3 C- 14 N) couplings have been observed in the range 12-30 Hz (254), 
trans-J( i] P- i3 C) couplings in [PtCl(CNR)(PEt 3 ) 2 ] + were of the order of 
15 Hz (258), and J(Pt- l3 C) were found to be between 1720 and 1742 Hz 
(258). 

The 13 C isonitrile carbon chemical shift exhibits considerably greater 
sensitivity to changes in bonding and molecular structure (254, 256) than 
carbonyls, but is generally observed in the range 105-175 ppm (254, 258) 
[cf. free isonitriles resonate between 154 and 165 ppm (254, 259)]. 

Dimeric and cluster compounds containing isocyanide ligands exhibit 
dynamic behavior in solution. The dimer Cp 2 Mo 2 (CO) 5 CNMe exists as a 
mixture of nonbridged isomers and permutamers which are rapidly inter- 
converted by unimolecular processes at RT. The isocyanide passes rapidly 
from one metal atom to the other via carbonyl or carbonyl-isocyanide 
doubly bridged species (205). 

Variable temperature NMR studies on Mn 2 (CO) 7 (CNMe) 3 have shown 
that the isonitrile ligands rapidly exchange between the two metal atoms. 
This rearrangement is energetically very similar to that in 
Cp 2 Fe 2 (CO) 2 (CNMe) 2 and implies that geometric variations might not be 
important factors in determining the way that CO and CNR move to and 
from bridging positions (260). 

Studies on the fluxional nature of [CpFe(CO) 2 ] 2 and isocyanide substi¬ 
tuted derivatives continue to attract much attention. Considerable evidence 
now supports a mechanism proposed by Adams and Cotton (65) which 
involves initial pairwise opening of the bridge to yield an intermediate which 
may undergo rotation about the Fe- Fe bond. The dimer Cp 2 Fe 2 (CO) 4 exists 
as a cis-trans mixture in solution and NMR studies have shown that while 
cis-trans interconversions and bridge-terminal CO exchange in the cis 
isomer is slow on the NMR time scale, bridge-terminal exchange in the trans 
isomer is rapid. Warming results in the onset of cis-trans interconversion 
and bridge-terminal CO exchange in the cis isomer at equivalent rates. In 
terms of the Adams-Cotton mechanism, bridge-terminal exchange in the 
trans isomer may take place without Fe - Fe bond rotation on the unbridged 
intermediate, whereas bridge-terminal exchange in the cis isomer requires 
Fe-Fe bond rotation which also results in cis-trans interconversion. The 
significantly higher activation energy for the latter process is ascribed to the 
need for bond rotation. 

Strong support for this mechanism has come from variable temperature 
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Fig. 3. The six possible isomers ofCp 2 Fe 2 (CO) 2 (CNMe) 2 . Reprinted with permission from 
J. Am. C’/wm. Soc. 95, 6592 (1973). Copyright 1973 American Chemical Society. 


NMR studies on Cp 2 Fe 2 (CO) 2 (CNMe) 2 (186). As a consequence of these 
rules the six possible isomers of this complex (excluding optical isomers) 
(Fig. 3) should interconvert in two definite sets (26, 28, and 30; 27, 29, and 
31) in which it is not possible to convert members of the one set into 
members of the other set (assuming that there is no intermediate nonbridged 
structure with both isonitriles on the same metal atom). The NMR observa¬ 
tions were in keeping with these predictions. 

For compounds containing bridging isonitrile groups a further source of 
isomerism and stereochemical nonrigid behavior is the orientations of the 
alkyl or aryl groups, which can give rise to syn (32) and anti (33) isomers 
(65). 

A detailed investigation of such isomers and their rates of interconversion 
has been carried out on Cp 2 Fe 2 (CO) 4 _ Jf (CNMe) J( (x = 2, 3) (185). In both 
cases it was shown that the expected isomersdo occurand can be observed at 
low temperature. The barriers to inversion at nitrogen were relatively low 
and the step itself was not rate determining. 

In the complex Cp 2 Fe 2 (CO)jCNBu' there is no detectable concentration 
of an isonitrile-bridged isomer, and the spectroscopic evidence is consistent 
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V" 



SYN 

(32) 


n /R 



ANTI 

(33) 


with the molecule existing in solution primarily as a rapid interconverting 
mixture of cis and trans isomers, with the exchange of the isonitrile ligand 
between metal atoms being the slower process (187-189). 

For Cp 2 Fe 2 (CO) 2 (CNBu ')2 two types of isomerization take place in solu¬ 
tion, through a selectivity in pairwise bridge opening. The low temperature 
isomerization is accounted for by the Adams-Cotton rules but in the 
second higher temperature isomerization, the isomers with the two closed 
sets, defined by Adams and Cotton, interconvert by asymmetric bridge 
cleavage giving two isonitriles on one metal atom (190). 

Other complexes synthesized which also exist in solution as interconvert¬ 
ing isomers were (dienyl^M^COX^CNR)* (M = Fe, Ru; x = l, 2; 
dienyl = Cp, C 5 H 4 Me; R = alkyl, aryl) (191 -195) and the isomer distribu¬ 
tion from these series was found to be related to the electron withdrawing 
properties of R (increase in electronegativity favors bridging) and the bulk of 
R (increase in size favors terminal bonding) (194). 

Variable-temperature NMR studies on M 2 (CNR) 9 (M = Fe, R = Et, Pr'; 
M = Ru, R = Pr') have revealed dynamic intramolecular behavior involv¬ 
ing bridge-terminal isocyanide exchange, this process occurring via synchro¬ 
nous pairwise exchange with inversion at nitrogen (17). With Co 2 (CNBu') 8 , 
no evidence in solution for nonbridged species in the intramolecular ex¬ 
change process was observed (19). 

A l3 C NMR study of the compounds OsjfCO^fCNR), (x= 1, 2, 
R = Me, C 6 H 4 OMe-/>, Bu"; x= 1-4, R = Bu", Bu') has found axial and 
equatorial isomers at low temperatures in solution, the ratio of which 
depends upon the size of the isocyanide group. Thus, for the monosubsti- 
tuted derivative, the axial isomer is present in significant concentrations in 
solution at low temperatures except for CNBu', for which an equilibrium 
mixture of the axial and equatorial isomer is obtained at — 60°C. As 
substitution increases the proportion of the equatorial isomer increases 
except for CNBu', for which in the tetrasubstituted derivative an all-axial 
isomer is found. Above 0°C these isomers rapidly interconvert (174). 
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The IR and l3 CNMR spectra of Ir 4 (CO) 12 _ i (CNR) x (x = l-4;R = Me), 
indicate that most of these molecules adopt structures related to Ir 4 (CO) 12 in 
that they contain no bridging carbonyl or isocyanide groups (66) whereas 
with Ir 4 (CO), 2 - A (CNBu') x (x — 3-7) all have either bridging carbonyl or 
isonitrile ligands (32, 66). A variable-temperature l3 C NMR study on 
Ir 4 (CO) n CNBu' has established that a carbonyl scrambling process occurs 
through at least two distinct routes. The lower energy process yields two sets 
of carbonyl environments of relative intensities 10:1. These phenomena 
can be described by an idealized T d ^ C 3v process that avoids an isocyanide 
bridge intermediate or transition state and by which carbonyl “a” (Fig. 4) 
(L = CNBu') remains magnetically distinct. This is the formal reverse of the 
mechanism proposed (261) for Rh 4 (CO) 12 . The higher energy exchange 
process equilibrates all carbonyl ligands and could be described as an 
analogous traverse, but one in which a bridging isocyanide state is allowed 
( 66 ). 

The Ni 4 (CNR) 7 molecules are stereochemically nonrigid in solution, 
undergoing a two step intramolecular rearrangement between —10° and 
80°C, and probably a fast dissociative process, Ni 4 (CNR) 7 ^ 
Ni 4 (CNR) 6 + CNR, between 80° and 120°C. The first intramolecular pro¬ 
cess averages ligand environments between the unique apical site and either 
the terminal base or the bridging sites, and in the second, higher temperature 
process, terminal-bridge exchange of ligands analogous to that operative in 
Rh 4 (CO) 12 (261) is proposed. AtO°C the ‘H NMR spectrum of Ni 4 (CNBu')7 
consists of three methyl resonances with intensities 3:3:1, consistent with 
the solid-state structure (see Section IV,D,2) (60). 

The platinum cluster Pt 3 (CNBu')6 has been found to undergo dynamic 



Fig. 4. Proposed ligand migration process for Ir 4 (CO) n CNBu'. Reprinted with permission 
from Chem. Rev. 78, 642 (1978). Copyright 1978 American Chemical Society. 
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behavior via an intermolecular process involving terminal and bridging 
isocyanide site exchange catalyzed by free ligand (23). 


2. X-Ray Structures 

The product of the reaction of VC1 3 and CNBu' in ethanol has been shown 
crystallographically to be wcr-VCl 3 (CNBu') 3 (109), and not the product 
derived from insertions into V-Cl bonds as previously proposed (see 
Section VI,A,4) (204). [V(CNBu') 6 ][V(CO) 6 ] has also had its structure eluci¬ 
dated (770). 

The X-ray structural determination of Mo(CN) 4 (CNMe) 4 confirmed 
Orgel’s prediction (262) that d 2 MX 4 Y 4 molecules should adopt a dodeca¬ 
hedral geometry ( 72). Attempts to rationalize the factors governing molecu¬ 
lar geometry in seven-coordinate systems of molybdenum and tungsten 
have led to a series of X-ray structural determinations. The structures are 
intermediate between two types, a 4:3 piano stool geometry or a mono- 
capped trigonal prismatic structure (7). The structure of WI 2 (CO) 2 (CNBu') 3 
approaches closely the piano stool geometry (115), whereas those of 
[(Ph 3 B) 2 CN][Mo(SnCl 3 )(CNBu') 6 ] (263) and [Mo(CNMe) 7 ](BF 4 ) 2 (9) lie 
between these two geometries and can be considered distorted examples of 
either. The structures of the salts [MoX(CNBu') 6 ]X [X = Br (116), I (264)] 
and [M(CNBu') 7 ]X 2 [M = Mo, X = PF 6 (265); M = W, X 2 = W 6 0 19 (8)] 
approximate to a capped trigonal prism of C 2v symmetry. At this stage all 
that can be said about the various heptacoordinate geometries is that they 
depend upon both the anion and the nature of the isocyanide alkyl substi¬ 
tuent. 

Shake-up satellite structure in the X-ray photoelectron spectra of 
[Mo(CNR) 7 ](PF 6 ) (R = Me, Bu', C 6 H n ) has been observed. The similarity 
of the nitrogen Is and carbon Is Is/lp ratios to those of Mo(CO) 6 oxygen Is 
and carbon Is Is/lp ratios argues for a similarity in bonding, as a decrease in 
the metal-carbon bond length (i.e., stronger M-C bonding) will influence 
both the satellite position relative to the primary peak and the Is/lp intensity 
ratio (266). 

The X-ray analysis of Cp 2 Mo 2 (CO) 5 CNMe (205), [MoCl(0)(CNMe) 4 ]I 3 
(267), and CpMoI(CO) 2 (CNPh) (268, 269) have found the compounds to 
have trans rotamer, trans, and trans diagonal structures, respectively. A 
detailed structural characterization of Mo(SBu') 2 (CNBu') 4 has found the 
molecule to be substantially deformed from the ideal octahedral geometry 
so that the S-Mo-S and C-Mo-C angles in the equatorial plane are 
115.3° and 73.7°. A molecular orbital analysis of the model 
Mo(SH) 2 (CNH) 4 has traced the deformation to the d 4 electron count. The 
lowest lying unoccupied MO consists of an S p- S p bonding combination 
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and an Mo d orbital. The resulting imbalance in S-S bonding leads to an 
opening up of the S-Mo-S angle (207). 

The crystal structures of [Mn(CNR) 6 ]I 3 [R = Et (270), Ph (271)] and 
Mn(CO)j(CNR) 2 Br [R = Me (272), Ph (273)] have been resolved. The 
monosubstituted product Mn 2 (CO) 5 (CNR)(dpm) 2 (R = Me, CH 2 Ph, 
C 6 H 4 Me-/>) formed from Mn 2 (CO) 5 (dpm) 2 and CNR converts to 
Mn 2 (CO) 4 (CNR)(dpm) 2 on heating. The structural elucidation of the p-tolyl 
isocyanide derivative (34) has confirmed a four-electron doubly bridged 





(34) 

isocyanide ligand, analogous to the carbonyl bonding mode (6) in the 
corresponding carbonyl product (61). 

The reaction between Re 2 (CO) 4 (PhCCPh) 4 and CNR (R = Bu", Bu', 
C 6 H 4 OMe-p, CH 2 S0 2 C 6 H 4 Me-p) was accompanied by coupling of the acet¬ 
ylenes into a chain, as shown by the X-ray structure of the product 
Re 2 (C0) 4 (PhCCPh) 3 (CNCH 2 S0 2 C 6 H 4 Me-/>) 2 (35) (274). The salt 



R = CH 2 S0 2 C fi H 4 Me-p 
(35) 

[NBu2][ReCl 5 (CNMe)] has been structurally characterized (118). The eluci¬ 
dation of the structure of ReBr 3 (CNC 6 H 4 Me-p) 4 has found the complex to 
have a capped octahedral geometry about the metal with three isocyanides 
and three bromide ligands in fac-octahedral arrangement and the fourth 
isocyanide situated on the face bounded by the three isocyanide groups 
(214). 
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The molecular structures of the diiron metal-metal bonded dimers 
Fe 2 (CNEt) 9 (36) (17), m-Cp 2 Fe 2 (/r-CO) 2 (CO)CNBu' (275), c/v-Cp 2 Fe 2 (/r- 



CO) 2 (CO)CNBu' (187), Cp 2 Fe 2 (/r-CNR) 2 (CO) 2 [R = Me(cis-anti) (276), 
Ph(trans-anti) (277)], c»-Cp 2 Fe 2 (/i-CO)(/i-CNPr')(CO)(CNPr') (194), and 
Cp 2 Fe 2 (/t-CNR) 2 (CNR) 2 [R = Ph (278), xylyl (279)] have been resolved. 
The dimensions within the cyclopentadienyl derivatives agree remarkably 
well. 

Three structural determinations have been reported on monomeric com¬ 
plexes containing bent isocyanide ligands. Ru(CNBu0 4 PPh 3 has a trigonal- 
bipyramidal structure with PPh 3 and two bent isocyanide ligands (mean 
C-N-C 130(2)°) occupying the equatorial sites, and two essentially linear 
isocyanides occupying the axial positions (16). The iron complex 
Fe(CNBu') 5 has a similar structure with the CNC angle averaging 134° for 
two radial isocyanides and 154° for one axial isocyanide (16). A preliminary 
report on the structure of /ra«.s-Mo(CNMe) 2 (dpe) 2 has found the CNC angle 
to be 156(1)° (280). In the iron and ruthenium complexes the bent isocya¬ 
nide ligands account for the stretching vibrations observed in the region 
1815-1870 cm -1 in their IR spectra. 

The ruthenium(I) dimer [Ru 2 (CNXylyl) 10 ](BPh 4 ) 2 is composed of two 
perfectly eclipsed Ru(CNXylyl) 5 units joined by a Ru-Ru bond of 3.00 A 

(37) . In spite of this long bond the molecule is remarkably stable, reacting 
over a few hours with CF 3 COOH to give [Ru(0 2 CCF 3 )(CNXylyl) 5 ]PF 6 (36). 
The structure of the ruthenium compound [(^',^ 2 -C 8 H, 3 )Ru(CNBu') 4 ]PF 6 

(38) has also been resolved (36). 

The product of the reaction of [CODOs(N 2 H 4 ) 4 ](BPh 4 ) 2 with CNBu' in 
acetone has been shown to be [CODOs(CNBu') 2 (NH 2 NCMe 2 ) 2 ]- 
(BPh 4 ) 2 • (acetone) 2 (39) (281). 
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Structural determinations of Os 6 (CO) l6 (CNBu') 2 (282) and 
Os 6 (CO) 18 (CNC 6 H 4 Me-/>) 2 (62) have shown the former to have the same Os 6 
bicapped tetrahedron of the parent compound Os 6 (CO) 18 , whereas the latter 
has a rearranged metal skeleton with one isocyanide bridging three osmium 
atoms (40). With the ruthenium product Ru 5 (CO), 4 (CNBu f ) 2 (63), isolated 



from Ru 3 (CO), ,CNBu' by moderate heating, the molecule contains an open 
“swallow” cluster with one isocyanide acting as a six-electron donor and 
bonded to all five ruthenium atoms (5). The complexes serve as further 
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examples that the stereochemistry of the cluster unit is sensitive to the 
number of electrons donated (7 73). The crystal structure determinations of 
the products (/i-H)(H)Os 3 (CO) 10 (CNBu') and (/t-H) 2 Os 3 (CO) 9 (CNBu'), 
formed from (/i-H) 2 Os 3 (CO) 10 and CNBu', have shown the former to have 
an axial isocyanide group, whereas in the latter the isocyanide is in an 
equatorial position (777). Both structures relate to the parent carbonyl, as 
does that of (/i-H) 4 Os 4 (CO) 11 CNMe (283). 

The structure of Co 2 (CNBu') 8 has been shown to be 41 ( 79 ). 



The stereochemistry of the pentakisisocyanidecobalt(I) and (II) com¬ 
plexes is apparently a function of crystallization procedures. To date, four 
isomeric structures have been identified for isocyanide complexes of co- 
balt(I) (727) and three for those of cobalt(II) (284). Crystal structure de¬ 
terminations of [Co(CNPh) 5 ]C10 4 • CHC1 3 (285) and [Co(CNPh)j]- 
(C10 4 ) 2 • JC1CH 2 CH 2 C1 (284) have shown the coordination around the co¬ 
balt to be square pyramidal, whereas with [Co(CNC 6 H 4 Me-p) 5 ][Co(NMA) 3 ] 
(NMA = nitromalonaldehyde) a trigonal bipyramidal structure was found 
for the cation (286). 

The ability of the cations [M(CNR) 4 ] + (M = Rh, Ir) to self-associate is a 
function of steric crowding in the molecule, and for bulky R groups mono¬ 
meric species predominate. An estimate has been made of the steric size of 
isocyanides in terms of fan-shaped angles and as part of this study the 
structure of RhCl(CNC 6 H 2 Bu' 3 -2,4,6) 3 has been elucidated (126). The struc¬ 
tural determinations of a series of dimeric rhodium(I) isocyanide salts have 
been completed. An eclipsed configuration was found for [Rh 2 {CN 
(CH 2 ) 3 NC) 4 ](BPh 4 ) 2 • NCMe ( 42) 2 (287), whereas [Rh 2 (CNPh) 8 ]- 

(BPh 4 ) 2 -NCMe had a staggered configuration ( 43) 3 (131, 132) and 

2 Reprinled with permission from Irtorg. Chem. 19, 2463 (1980). Copyright 1980 American 
Chemical Society. 

1 Reprinted with permission from Inorg. Chem. 17, 831 (1978). Copyright 1978 American 
Chemical Society. 
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[Rh 2 (L 2 ) 4 ](PF 6 ) 2 -(NCMe) x [L 2 = 2,5-dimethyl-2,5-diisocyanohexane, 

x = 2 (287); L 2 = 1,8-diisocyanomethane, x = 0 (2S5)] have partially stag¬ 
gered configurations. Rhodium-rhodium distances varied from 3.19 to 
3.26 A. The molecular structure of Ir 4 (CO),|(CNBu') has been resolved 
(289). 

X-ray structural determinations of NiL(CNBu') 2 [L = 0 2 (235), azoben¬ 
zene (232), diazofluorene (236), diphenylacetylene (231)] have confirmed 
the square-planar geometry predicted by INDOR calculations on 
NiL(CNH) 2 [L = 0 2 (290), HN=NH (291), HC=CH (291)]. The cation 
in the salt [Ni 4 (0Me) 4 (0 2 CMe) 2 (TMB) 4 ](BPh 4 ) 2 (TMB = 2,5-dimethyl-2,5- 
diisocyanohexane) contains a cubane arrangement of Ni(II) and methoxide 
ions; the acetates bridge two nickel ions on opposite faces of the cube and the 
isocyanide ligands bridge the remaining four faces ( 44). 4 The change from 
paramagnetism to diamagnetism with variations in temperature for this salt 
has been related to the Ni-O-Ni angle in that the larger angles are coupled 
antiferromagnetically and that the ferromagnetic interaction is associated 
with the smaller angles (292). 

The metal(O) isocyanide clusters Ni 4 (CNBu') 7 ( 45) 5 (60), Pt 3 (CNBu') 6 ( 46 ) 
(23) and Pt 7 (CNXylyl), 2 (47) (20) have been characterized crystallographi- 
cally. In the nickel complex the nickel atoms define the vertices of a highly 
compressed C 3v tetrahedron, with each nickel having a terminal isocyanide 
and three basal nickel atoms joined by three four-electron donor isocyanide 
ligands. The unusual feature of the structure of Pt 7 (CNXylyl), 2 is that one 

4 Reprinted with permission from Inorg. Chem. 20, 2394 (1981). Copyright 1981 American 
Chemical Society. 

5 Reprinted with permission from J. Am. Chem. Soc. 97, 2572 (1975). Copyright 1975 
American Chemical Society. 



250 


E. SINGLETON and H. E. OOSTHUIZEN 



(46) (47) 


isocyanide ligand is coordinated to three platinum atoms in a manner 
similar to that found in Os 6 (CO) 18 (CNC 6 H 4 Me-p) 2 (62). The molecular 
geometry of [Pd 2 (CNMe) 6 ](PF 6 ) 2 has been found to be 48, 6 with a Pd-Pd 
bond length of 2.53 A and a dihedral angle of 86.2° between the two 
coordination planes (293). A metal-metal stretching frequency of 156 cm -1 
and Pt-Mo bond lengths of 2.89 A are indicative of relatively strong 

6 Reprinted with permission from J. Am. Chem. Soc. 97, 1961 (1975). Copyright 1975 
American Chemical Society. 
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(48) 

Pt-Mo bonding in the trinuclear complex /ra«i-Pt{C(OEt)- 
NHC 6 H n )(CNC 6 H n )[Mo(CO) 3 Cp] 2 (49) (294). The crystal and molecular 



( 49 » 

structures of tra«s-PdI 2 (CNBu0 2 (295), c«-PtCl 2 (CNPh) 2 (296), and cis- 
PtCl 2 (CNEt)PEt 2 Ph (297) have been resolved. 


V 

REACTIONS OF METAL ISOCYANIDE COMPLEXES 


A. Substitution Reactions 

A rare example of photodissociation of an isocyanide ligand has appeared 
with the formation of M(CNR) s py (M = Cr, Mo, W; R = Ph, C 6 H 3 Pr'-2,6) 
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from M(CNR) 6 by irradiation in pyridine solution. The proposed mecha¬ 
nism is dissociative for chromium, but associative for molybdenum and 
tungsten via a bimolecular excited-state substitution pathway. Irradiation of 
M(CNR) 6 (R = 2,6-diisopropylphenyl) in CHC1 3 yields the one electron 
oxidation products [M(CNR) 6 ]C1 (M = Cr, Mo, W), whereas M(CNPh) 6 
(M = Mo, W) gives the two electron oxidation products [M(CNPh) 6 Cl]Cl 
(38, 298). 

The reaction of the dimers Co 2 (CNR) g with carbon monoxide effected 
fission of the metal-metal bond to give [Co(CNR) 5 ][Co(CO) 4 ] (R = Bu', 
xylyl) (79, 25, 123). With diphenylacetylene, 50 is produced (79). 


v'l 



L = CNBu* 
(50) 


Radical intermediates have been implicated in the addition of TCNE to 
[Co(CNMe) 5 ] + . Evidence for this pathway came from the detection of the 
TCNE radical anion by ESR, and by the high yield preparation of 
[Co(CNMe) 4 TCNE]+ from [Co(CNMe) 5 ] 2+ and K[TCNE] (46). No evi¬ 
dence for radical intermediates was found from kinetic measurements of 
addition of TCNE to similar rhodium systems (299). Free rotation of TCNE 
coupled with Berry-type pseudorotations in the TCNE adducts 
[M(CNR) 4 TCNE]+ (M = Co, Rh; R = Me, Bu', C 6 H 4 OMe-/>) and 
[Rh(CNR) 2 L 2 (TCNE)] + [R = C 6 H 4 Me-p, C 6 H 4 OMe-/>; L = P(OMe)Ph 2 , 
P(OMe) 2 Ph, P(OPh) 3 ] were observed during NMR studies (300-302). 

A number of monomeric complexes have been prepared which may be 
considered as substitution products of the [Co(CNR) 5 ] + and [M(CNR) 4 ] + 
cations. Their general formulations are [Co(CNR) 5 _JLJ + [x = 1 (303-306), 
2(303-313), 3 (303,308,313), 4(303)], [M(CNR)j_JLJ+ [x = 2, 3, M = Rh 
(300, 314), Ir (314-316)\ x = 4, M = Ir (317)] and [Rh(CNR) 2 L 2 ] + (300, 
314) for a range of alkyl and aryl isocyanides, and L x = a series of mono-, bi-, 
tri-, and tetradentate tertiary phosphorus compounds, or monoolefins {for 
cobalt (46, 318), rhodium (300, 319) or iridium (276)). They have been 
prepared either from substitution reactions on the homoleptic isocyanide 
cation or by adding mixtures of isocyanide and ligand to some suitable labile 
metal precursor. 

Addition of dpm to [Rh(CNR) 4 ] + or addition of mixtures of dpm and 
CNR to [CODRhCl] 2 has given the dimeric complexes [Rh 2 (CNR) 4 - 
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(dpm) 2 ] 2+ (51) [R = Bu" (320, 321), Me, Bu', C 6 H M (320)]. Other routes to 



P P = dpm , L =CNR 
(51) 

similar compounds have involved substitution reactions on A-frame 
dimers. For example [Rh 2 Cl 2 (CO) 2 (dam) 2 ], [Rh 2 Cl(CO) 2 (L 2 ) 2 ] + , and 
[Ir 2 Cl(CO) 3 (L 2 ) 2 ]+ gave [Rh 2 (CNR) 4 (dam) 2 ] 2+ (R = Me, Bu', Bu", 
C 6 H„), [Rh 2 Cl(CO) 2 _ x (CNBu') x (L 2 ) 2 ] + (x= 1, 2; 4 = dpm, dam), 
[IrCl(CO) 3 _ x (CNBu , ) x (L 2 ) 2 ] + (x= 1, 2; L 2 = dpm, dam), and [Ir 2 (CO)- 
(CNBu') 4 (L 2 ) 2 ] 2+ (L 2 = dpm, dam), respectively, on treatment with CNR in 
alcohols. The structures proposed for the dimers 52-54 reflect the differ- 

«r^«, 1* n + 



Lb CNBu* 
(54) 


ences in lability of the bridging carbonyl group between A-frame complexes 
of dpm and dam (321, 322). 

The metal-metal bond in the dimers [MM‘(CNMe) 6 ] 2+ is quite robust 
and the complexes readily undergo substitution reactions with PPh 3 and 
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halides or pseudohalides to give the dimers [MM'(CNMe) 6 _ x (PPh)J 2+ (M — 
M' = Pd,x = l,2;M = M' = Pt,JC= 1; M = Pd, M 1 = Pt, x = 1,2) and 
[Pd 2 (CNMe) 4 X 2 ] (X = Cl, I, SCN)(J2J, 324). In contrast, the metal-metal 
bond in the diphosphine-bridged dimers Pd 2 X 2 (dpm) 2 (X = Cl, Br, I, SCN) 
is readily cleaved by a variety of simple addenda molecules. With isocya¬ 
nides and isocyanates, both produced the same product 55 (R = Me, C 6 H, { , 


I I 

< Pd .Pd — ) 

I~V1 

Ph 2 P NR^PPh 2 

^ch 2 

(55) 


Ph, C 6 H 4 Me-p) (325-327). Further reactions on 55 with CNR or by 
addition of dpm to [Pd 2 (CNR) 6 ](PF 6 ) 2 produced [Pd 2 (//-CNRXCNR) 2 - 
(dpm) 2 ](PF 6 ) 2 (R = Me, C 6 H 4 Me-p) which for R = Me was characterized 
structurally (327a). The salt [Pd 2 {//-C 2 (C0 2 Me) 2 }(CNMe) 2 (dpm) 2 ](PF 6 ) 2 
(56) was also prepared during these studies (325). Addition of PPh 3 to the 



L = CNM#, P — P = dpm , R = CO z M» 

(56) 

linear tripalladium cations [Pd 3 (CNMe) 8 ] 2+ has given the disubstituted 
product [Pd 3 (CNMe) 6 (PPh 3 ) 2 ] 2+ (144). 

Reactions of Ni(COD) 2 with isocyanides in the presence of aryl acetylenes 
gave the products Ni 4 (CNR) 4 (ArC 2 Ar) 3 (R = Bu', C 6 H n , Ar = Ph; 
R = Bu', Ar = C 6 H 4 Me-p) together with Ni(ArC 2 Ar)(CNR) 2 . NMR studies 
on the addition of aryl acetylenes to Ni 4 (CNR) 7 indicated only the forma¬ 
tion of the trisacetylene adduct, with no evidence for intermediates being 
observed in this addition. However, addition of 3-hexyne to Ni 4 (CNBu') 7 
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provided NMR evidence of three clusters Ni 4 (CNBu') 7 - x (EtC 2 Et) x with 
x = 1, 2, or 3 in solution, although no complexes were isolated from this 
reaction. The alkyl acetylenes underwent facile exchange with bonded alkyl 
acetylenes in the cluster in contrast to Ni 4 (CNBu') 4 (PhC 2 Ph) 3 which was 
nonlabile in solution and inert to intermolecular exchanges with diphenyl- 
acetylene (27). 


B. Chemical and Electrochemical Oxidation-Reduction 
Reactions 

Electrochemical investigations have been reported on a range of homo- 
leptic and mixed carbonyl - isocyanide complexes, in attempts to rationalize 
substituent effects on the isocyanide with the electronic structure of the 
metal. The ease of electrochemical oxidations correlate with (i) the decrease 
in the number of carbonyls in the coordination sphere and (ii) the replace¬ 
ment of aryl with alkyl isocyanides (7 79,182,183,312,328-331). E i values 
have also been found to differ substantially for different isomers (182,183). 
Cyclic voltammetry measurements on chromium isocyanides have given a 
direct measure of the thermodynamic stability of pairs of alkyl or aryl 
isocyanides of the group VI elements, showing the oxidation Cr 2+ -*■ Cr 3+ is 
more favored for alkyl isocyanides whereas the reductions Cr 2+ -*• CC and 
CC -*■ Cr° are more favored for aryl isocyanides (75, 328). Other workers 
have confirmed the three sequential one electron oxidation processes Cr° ^ 
CC ^ Cr 2+ ^ Cr 3+ (779), and a good correlation of these oxidation pro¬ 
cesses with the Hammett o parameters assigned to substituent groups on the 
aryl ring has been found (332). 

With the [Co(CNR) 3 (PRJ) 2 ]+ cations the primary reversible electron 
transfer is followed by a fast chemical reaction which brings about a change 
in configuration (and dimerization). It was not found possible to isolate 
intermediate products from these oxidations (333). 

In other cases, however, isolation of oxidized species from electro¬ 
chemical oxidations has been possible. For example, the salts 
[Mn(CNMe) 6 ](PF 6 ) 2 , [Mn(CO)(CNMe) 5 ](PF 6 ) 2 (182), and [Co- 

(CNBu') 3 (PPh 3 ) 2 ](PF 6 ) 2 (312) were isolated from electrochemical studies on 
the corresponding manganese(I) and cobalt(I) systems. These oxidized 
species can be highly labile and hence constitute precursors to a range of 
other complexes. Thus, the salts [Mo(bipy) 2 (CO) 2 (NCMe)](BF 4 ) 2 and 
[{Mo(bipy) 2 (CO) 2 } 2 ](BF 4 ) 2 , generated by redox reactions on cis- 
Mo(bipy) 2 (CO) 2 , provided a facile route to the isocyanide compounds 
m-Mo(CO) 2 (CNC 6 H 4 Me-p) 4 , c/s,c/5-Mo(bipy)(CO) 2 (CNEt) 2 , [Mo(bipy) r 
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(CNEt) 2 ](BF 4 ) 2 , [Mo(bipy)(CNEt) 5 ](BF 4 ) 2 , and [Mo(bipy) 2 (CNEt) 3 ] 
(BF 4 ) 2 by simple substitution reactions (334). 

Electrochemical investigations into reductions of the platinum(H) 
systems cis- and trans-dihalobis(isocyanide)platinum(II) (335) and 
M-Pt(CNR) r M (M = Mn(CO) 5 , Fe(CO) 3 NO, Co(CO) 4 , CpM'(CO) 3 ; 
M 1 = Cr, Mo, W; R = Bu', C 6 H U ) (336) have shown a two-step reduction 
process. For PtX 2 (CNR) 2 (X = Cl, Br, 1; R = Bu', C 6 H,,) the first reduction 
step is irreversible with the half-wave potential being critically dependent on 
the chemical nature of X. Potentiostatic reductive coulometry on 
PtX 2 (CNR) 2 in the cavity of an ESR spectrometer produced a signal attri¬ 
buted to a monomeric paramagnetic Pt(I) complex. One halide ion is also 
liberated in this first step. An irreversible one-electron reduction step was 
also observed with the linear trimetallic compounds with a concomitant 
rupture of a Pt- metal bond to produce -Pt(CNR) 2 M radicals. These radical 
species in both systems are short-lived, and probably undergo dimerization 
or reaction with the solvent. The second reductive step is followed by 
decomposition of the products in both series. For the compounds cis- 
PtCl 2 (CNR)(PMePh 2 ) (R = aryl) (337) and tram-[PtX(CNR)L 2 ]C10 4 
(X = Cl, Br; R = aryl; L = tertiary phosphine) (337a), electrochemical 
studies indicated that a stable platinum(I) dimer containing bridging iso¬ 
cyanide ligands was one of the main reduction products. This proposal was 
based upon strong v(CN) bands in the region 1600- 1660 cm -1 and terminal 
v(Pt-Cl) bands in the 280-300 cm -1 range in the IR solution spectra. No 
products were isolated from these reductions. 

Chemical oxidations of tra«j-M(CNR) 2 (dpe) 2 (M = Mo, W) with iodine 
or Ag + gave the paramagnetic cations tra«5-[M(CNR) 2 (dpe) 2 ] + (R = Bu', 
C 6 H 4 Me-/>) and [MX(CNC 6 H 4 Me-p) 2 (dpe) 2 ] + with chlorine or bromine 
(338). Attempts at single-electron oxidations on Mo(CNPh) 6 with NOPF 6 
gave only the dark-purple nitrosyl [Mo(NO)(CNPh) 5 jpF 6 (14). Nitrosyls of 
this type together with those of chromium have resulted from displacement 
reactions of NO and Cp with isocyanides in [Cr(NO) 2 (NCMe) 4 ](PF 6 ) 2 (339) 
and [CpMo(NO)I 2 ] 2 (340, 340a), respectively, which gave [M(NO) 
(CNR) 5 ]PF 6 (M = Cr, R = Me, Bu', C 6 H 4 Cl-p; M = Mo, R = Me, Et, Pr', 
Bu', C 6 H u ) and [Mo(NO)(CNR) 4 I], Further chemical oxidations of 
[Cr(NOXCNR) 5 ]PF 6 produced paramagnetic [Cr(NO)(CNR) 5 ](PF 6 ) 2 and 
evidence for the existence of [Cr(NO)(CNR) 5 ] 3+ (339). 

A nitromethane solution of NS + PF^ generated from N 3 S 3 C1 3 and AgPF 6 
(1:3) reacted with rf-C 6 H 6 CT(CO) 3 in acetonitrile solution to give the salt 
[Cr(NSXNCMe) 5 ](PF 6 ) 2 . In the presence of CNBu' and zinc powder this 
thionitrosyl complex is reduced to [Cr(NS)(CNBu') 5 ]PF 6 whereas subse¬ 
quent oxidation of this latter complex with either NOPF 6 or AgPF 6 formed 
[Cr(NS)(CNBu') 5 ](PF 6 ) 2 (341). The salt [Ni 2 X(DMB) 4 ](PF 6 ) 3 (X = Cl, Br; 
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DMB = p- 1,8-diisocyanomethane) reacted with iodine in the presence of 
[Ph 4 As]I 3 to give [Ni 2 X(DMB) 4 ](I 3 ) 4 , in which an electron was removed 
from the a 2u [d z 2(-)] Ni-X-Ni antibonding orbital (342). 

The reductive coupling of adjacent isocyanide ligands in [MoX 
(CNBu') 6 ] + (X = Br, I) by zinc has produced the [Mo(CNBu') 4 - 
(Bu'HNCCNHBu')] + cation containing the novel (iV.jV-dialkyldiamino) 
acetylene molecule (343). Sodium amalgam reductions of the substituted 
halides CpMoX(CO) 3 _ J[ (CNMe) ;t (x = 1, 2) and MnBr(CO) 5 _,(CNMe), 
(x= 1-3) gave the anions [CpMo(CO) 3 _ J( (CNMe)J- (160, 161) and 
[M n(CO) 5 _ *(CNMe)*] - (344), which were precursors to the products 
[CpMoCCOWCNMekhHg, [Mn(CO) 5 _ x (CNMe)J 2 Hg, CpMoR(CO) 3 _,- 
(CNMe) x , and MnR(CO) 5 _ J (CNMe) x (R = H, CH 2 CN, Hgl, GePh 3 , 
SnMe 3 , PbPh 3 ). Similar reductions with Cp 2 Fe 2 (CO) 2 (CNMe) 2 produced 
CpFeH(CO)CNMe, which underwent a base-catalyzed reaction with MeCN 
and IVB halides to give CpFeR(CO)CNMe (R = CH 2 CN, GeMe 2 Cl, 
SnMe 3 ) and [CpFe(CO)CNMe] 2 Hg (345). 


C. Photochemical Redox Reactions 

The blue cations [Ir(CNMe) 4 ] + react with L (L = CO, CNMe) in aqueous 
solution in light to give the orange-red five-coordinate cations 
[IrL(CNMe) 4 ] + , isolated as the BPh 4 salt. The association does not take place 
in the dark and was originally proposed to be an example of the photo¬ 
chemical formation of a metal-ligand bond (photoassociation) (346). Later 
work, however, has provided evidence that in solution these blue cations are 
oligomers of the type [Ir(CNMe) 4 ]" + , and the photochemical reaction is in 
fact a rapid photoinduced cleavage of these oligomers to give monomeric 
orange [Ir(CNMe) 4 ] + . It is this monomer which reacts with CNMe or CO 
(=L) to give [IrL(CNMe) 4 ] + (347, 348). Analogous oligomers have been 
characterized in corresponding rhodium systems [Rh(CNPh) 4 ]^ (n = 2, 3) 
from characteristic 1 a 2u -*• 2a lg and 2 a H -*• 2 a 2u transitions at 568 and 
727 nm, respectively, observed in the electronic absorption spectra. They 
were interpreted in terms of interactions expected between the occupied 
a lt (d z 2) and unoccupied a 2yi [p z , 7r*CNPh] monomer orbitals. Similar spec¬ 
tra were observed for the [RhCCNR^]^ (R = Pr', Bu', vinyl, C 6 H,, (131, 
132, 349) and [M(CNR) 4 ] 2+ (M = Pd, Pt; R = Me, Et) (349) cations. 

This work has been extended by Gray and co-workers (37, 38, 135, 287, 
288,350-358) to the synthesis of dimeric rhodium(I) complexes containing 
bridging diisocyanopropane. The salts isolated, e.g., [Rh 2 (L 2 ) 4 ]X 2 [L 2 = 
CN(CH 2 ) 3 NC; X = Cl, BPh 4 ] (abbreviated Rh^ + ), from reactions of 
[CODRhCl] 2 with the chelating diisocyanide have revealed some exception- 
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ally interesting spectroscopic and redox properties. As with the CNPh 
dimer, the electronic absorption spectrum of the diisocyanide dimer con¬ 
tains the characteristic intense (e = 14,500) low-lying absorption band at 
553 nm corresponding to the 1 a 2u -*■ 2a tg transition. Comparison of this 
transition for a range of chelating diisocyanides has shown that the rota- 
meric configuration of the ligands has an important influence on the 
position of the lowest allowed electronic transition. For example, the struc¬ 
ture of [Rh 2 (2,5-dimethyl-2,5-diisocyanohexane) 4 ](PF 6 ) 2 is partially stag¬ 
gered and a blue shift of the la 2u -*• 2a )g transition to 515 nm was observed 
(287). 

A study of concentration effects of RhJ + in methanol has shown that as the 
concentration increases low energy bands appear at 778, 990, 1140, and 
1735 nm, the first three of which correspond to 2a 2u -*• 3a )g , 3a 2u -*■ 4a, g , 
and 4a 2u -*■ 5a, g transitions in tetrameric, hexameric, and octameric rho- 
dium(l) oligomers. The band at 1735 nm appeared only at high concentra¬ 
tions and was assigned to an oligomer higher than octameric (359). Polar¬ 
ized single-crystal spectroscopic studies of the lowest triplet •*- singlet 
system have been completed (350), and the resonance Raman spectra of the 
'/4, g and E u ( 3 A 2u ) electronic states of RhJ + have been recorded (357). Investi¬ 
gations of the redox chemistry of the relatively long-lived emission triplet 
3 A 2u of Rh£ + has found that the Rh^+and RhJ + redox levels are produced by 
electron transfer reactions from the Rh£ + excited states (354), and flash 
kinetic studies on [Rh 2 (L 2 ) 4 ] 2+ {L = CNC 6 H 4 Me-p, L 2 = CN(CH 2 ) 3 NC) 
have given the lifetimes of these excited states (360). When Rh£ + is dissolved 
in 12 M HC1 and irradiated with visible light (550 nm), H 2 and Rh 2 Cl^ + are 
produced (135). The reaction occurs in two distinct steps (356) [Eqs. (4) and 
(5)]: 


Rhf + HC1 — fRh 4 Clp + ±H 2 (4) 

iRh 4 Clp + HCI + *H 2 (5) 

and the proposed photoactive species Rh 4 Cl^ + was thought to be a linear 
mixed valence species, e.g., [CIRh(I)Rh(II)Rh(II)Rh(I)Cl] 4+ . 

The complex [Rh 2 Cl 2 {CN(CH 2 ) 3 NC} 4 ] 2+ in Eq. (5) was also formed 
through a two-center oxidative addition reaction on Rh^ + with chlorine and 
characterized crystallographically (see Section V,D and E) (352, 358). 

In 1 M H 2 S0 4 in air RhJ + slowly reacts according to Eq. (6) (356): 

Rhp+ H + + ^0 2 -» *H 2 0 2 + ±Rh$+ (6) 

Flash photolysis on this species has generated a transient species which 
decays back to Rh$ + following second-order kinetics, suggesting that this 
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oligomer is actually the dimer {RhJ + } 2 (353). The dimer {RhJ + } 2 also appears 
to be the product of the irradiation of the complex Rh 2 Clj + in 6 M HC1 (356) 
at — 60°C. These latter two intermediates were earlier assigned as HRh 2 Cl^ + 
(135) and Rh 4 Hr (352), respectively. 

Irradiation (A > 520 nm) of {RhJ + } 2 (= Rh$ + ) in 12 M HC1 solution 
produced H 2 and Rh 2 Cl^ + . In 6 M HC1 no dihydrogen is liberated because 
the photogenerated Rh^ + is trapped by Rh$ + to give Rh| + (356). 

The salt H 3 [Rh 4 Cl{CN(CH 2 ) 3 NC} 8 ] [CoCl 4 ] 4 has recently been obtained 
by addition of CoCl 2 • 6H z O to the photoactive solution of Rh^ + in 12 M 
HC1, and characterized by an X-ray structural analysis (see Section V,E). It 
is proposed that the photoactive species in 12 M HC1 differs from the above 
cation only by the binding of an additional Cl~ ion (357). 

It appears that additional polynuclear species are formed as Rh$ + is 
progressively reduced to Rh^ + , and a study of the binding of [Rh 2 (L 2 ) 4 ] 2+ 
(L 2 = 2,5-dimethyl-2,5-diisocyanohexane) to Rh 4 + has identified 
the hexanuclear cation Rh 2 (L 2 ) 4 Rh!j + , the octanuclear cation 
Rh 2 (L 2 ) 4 Rh 4 Rh 2 (L 2 )J (H ', and the dodecanuclear cation {Rh 2 (L 2 ) 4 RhJ + } 2 . An 
oxidation of the octanuclear cation gave Rh 2 (L 2 ) 4 Rh 2 + (355). 


D. Oxidative-Addition Reactions 

Cleavage of [Cp 2 Fe 2 (CO) 3 ] 2 CN(CH 2 )„NC (n = 2,6) with iodine produced 
[CpFe(CO)I] 2 CN(CH 2 )„NC and CpFe(CO) 2 I (168). Reactions of 
Cp 2 Fe 2 (CO) 2 (CNMe) 2 with HgX 2 (X = Cl, Br, I) has given CpFe(CO) 2 HgX 
and CpFe(CNMe) 2 X as the sole products in quantitative yields. The pro¬ 
posed intermediate Cp 2 Fe 2 (//-CO){//-CN(Me)HgX 2 }(CO)CNMe was not 
observed (361). 

The electron-rich nature of the M(CNBu') 5 complexes is demonstrated by 
the ease with which they undergo oxidative addition. The compounds 
M(CNBu') 5 are protonated by wV/o-2,3-Me 2 -2,3-C 2 B 4 H 6 , MnH(CO) s , 
OsH 2 (CO) 4 and HBF 4 to give [MH(CNBu') 5 ]X {M = Ru, X = nido-2,1- 
Me 2 -2,3-C 2 B 4 H 5 (362); M = Fe, X = Mn(CO) 5 , OsH(CO) 4 , BF 4 (363)). For 
Fe(CNBu') 5 some oxidative additions were followed by insertions and these 
are discussed in the relevant section. Noninserted products obtained were 
[FeY(CNBu') 5 ]X (Y = Me, X — I; Y = C 6 F 5 , X = Br; Y = C 3 H 5 , X = Cl, 
Br) and FeXY(CNBu') 4 (X = CH 2 Ph, Y = Br; X = CF(CF 3 ) 2 , Y = I) (364). 

The reactions of the cobalt dimers Co 2 (CNR) 8 with halogens (= X 2 ), H Y 
(Y = BF 4 , C10 4 ) in the presence of isocyanide, or with NO formed 
CoX 2 (CNXylyl) 4 , [Co(CNXylyl) 5 ]Y (25, 123) and Co(NO)(CNBu') 3 (79), 
respectively. 
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A novel series of dioxygen complexes RhX(0 2 )(CNR)L 2 (X = halide; 
R = Bu', C 6 H u , C 6 H 4 Me-/>; L = PPh 3 , AsPh 3 ) and [Rh(0 2 )(CNBu') 2 - 
(PPh 3 ) 2 ]Cl were prepared from interaction of the square-planar complexes 
in air. The CNBu' derivatives bind dioxygen irreversibly, whereas with 
CNC 6 H 4 Me-p the binding is reversible (365). 

Oxidative additions on the cations [M(CNR) 4 ] + (M = Rh, Ir) or on the 
substituted products derived therefrom have been performed with a variety 
of reagents including proton acids, halogens, alkyl, aryl, allyl, or acyl halides, 
HgCl 2 , SnCl 4 , NOBF 4 , [p-MeC 6 H 4 N 2 ]PF 6 , disulfides, and [Me 3 0]BF 4 . 
In most cases the product is derived from the well-established two- 
electron oxidative addition (125, 128, 314, 316, 317, 366), but in a few 
cases the resultant complex is derived from rare single-electron transan- 
nular oxidative additions. For example, treatment of [RhfCNBu'V 
(PPh 3 ) 2 ]PF 6 or [Rh(CNC 6 H 4 Cl-/?) 2 (PMePh 2 ) 2 ]PF 6 with C 3 F 7 I or Mel, re¬ 
spectively, has afforded [RhI(CNBu') 3 (PPh 3 )] n (PF 6 ) n and [RhI(CNC 6 H 4 Cl- 
p) 2 (PMePh 2 ) 2 ]„(PF 6 )„ (314). The diamagnetism of these complexes suggest 
n = 2 with a rhodium - rhodium bond. Unfortunately the fate of the C 3 F 7 or 
Me residues was not investigated, and the mechanism was not discussed. 
These reactions may represent examples of metal-carbon homolytic bond 
fission. Other dimeric rhodium(II) compounds were formed from interact¬ 
ing [Rh(CNR) 4 ]+ with [RhX 2 (CNR) 4 ]+ or from oxidation of [Rh(CNR) 4 ]+ 
(R = alkyl) with half a mole of bromine or iodine (367). Corresponding 
complexes were obtained by treating the dimers (51) with iodine or trifluor- 
omethyl disulfide which formed [Rh 2 X 2 (CNR) 4 (dpm) 2 ] 2+ {X = I (320), 
SCF 3 (321)), or by reacting [Rh 2 {CN(CH 2 ) 3 NC} 4 ] 2+ with halogens or methyl 
iodide to give [Rh 2 XY{CN(CH 2 ) 3 NC} 4 ] 2+ (X = Y = Cl, Br, 1; X = 1, 
Y =Me) (353, 356, 358-359). 

Further examples of unusual oxidation states stabilized by isocyanides are 
given by the reactions of IrH 3 (AsPh 3 ) 2 (CNC 6 H 4 Me-p) with chelating lig¬ 
ands. Carboxylic acids, pentane-2,4-dione, and quadridentate Schiff bases 
have given the iridium(II) and iridium(IV) monomeric paramagnetic com¬ 
plexes Ir(AsPh 3 )(CNC 6 H 4 Me-p)L 2 [L = 0 2 CR; R = Me, aryl (368), Schiff 
base (369)] and lr(AsPh 3 )(CNC 6 H 4 Me-p)L 2 (L = OC 6 H 4 0-o; OC 6 H 4 NH-o, 
0 2 CC 6 H 4 0 -o, 0 2 CC 6 H 4 NH-o, 0 2 CCH(0)Me), respectively, together with 
the iridium(lll) compounds IrH 2 (AsPh 3 ) 2 (CNC 6 H 4 Me-p)L (L = 1,1,1-tri- 
fluoropentane-2,4-dionato; 0 2 CC 6 H 4 OMe-p) (369). 

The kinetics of the oxidative addition of iodine to Rh(dtc)(CNC 6 H 2 Me 3 - 
2,4,6) 2 (dtc = S 2 CNMe 2 ) have shown the reaction to proceed via a charge 
transfer complex Rh(dtc)(CNR) 2 -I 2 . This rearranges in two consecutive 
zero-order reactions with respect to iodine concentration, to give first the cis 
adduct, which then isomerizes to /rans-RhI 2 (dtc)(CNR) 2 . This mechanism 
was further supported from kinetic data on the 1 2 + Rh(acac)(CNC 6 H 2 Me 3 - 
2,4,6) 2 system. The complexes RhI(I 3 )(dtc)(CNC 6 H 2 Me 3 -2,4,6) 2 and 
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RhI(I 3 )(acac)(CNC 6 H 2 Me 3 -2, 4 , 6)2 were isolated from reactions with excess 
iodine (370). 

The compounds M0 2 (CNBu ') 2 (M = Ni, Pd) react with CNR, CO, C0 2 , 
NO, N 2 0 4 , S0 2 , C 6 H 5 NO, RCOX, and Ph 3 CBF 4 to give products which 
form as a result of the following processes: (i) atom transfer redox reactions, 
(ii) atom transfer oxidation reactions, (iii) oxidative substitution reactions, 
and (iv) metal assisted peroxidation reactions. In the first two processes the 
0-0 bond is cleaved, whereas in the remaining two it is retained. Examples 
of these reaction pathways are, for (i), the formation of Bu'NCO and C0 2 
from CNBu' and CO interactions, for (ii), the formation of cis- and trans- 
M(N0 3 ) 2 (CNBu ') 2 [M = Ni (trans) and Pd(ris)] from N 2 0 4 , for (iii), the 
isolation of [Ni(N0)(CNBu') 3 ]N0 3 from NO reactions, and for (iv), the 
formation of benzoyl peroxide from benzoyl chloride (233). Addition of S0 2 
to Pd 3 (CNBu ') 6 gave the compound Pd 3 (S0 2 ) 2 (CNBu ') 5 in which an S 0 2 
molecule bridges two palladium atoms (57) (371). 


I^Pd yO 

°-?/ V<o 


L = CNBu* 

(57) 

The compound Pt(CNBu') 2 (PPh 3 ) 2 undergoes oxidative additions with I 2 , 
Mel, and CF 3 I to give the well-defined stable five-coordinate salts 
[PtI(CNBu') 2 (PPh 3 ) 2 ] I, and products formulated as either [PtR(CNBu ') 2 
(PPh 3 ) 2 ]I (R = Me, CF 3 ) or [Pt{C(R)=NBu')(CNBu')(PPh 3 ) 2 ]I. With 
Ph 3 SnCl a neutral compound analyzing for [Pt(CNBu') 2 (PPh 3 ) 2 ] • SnPh 3 Cl 
was isolated (85). 

Treatment of Pt 3 (CNBu') 6 with diphenylcyclopropenone has produced 
the yellow diplatinum complex (58), in which cleavage of the carbon-car- 



Ph 


(58) 


L = CNBu* 
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bon double bond has occurred (47). It is interesting that plat inum pho s¬ 
phine com plexes have given the platinocyclobutenones, L 2 £t{C(==0)- 
C(Ph)=C(Ph)}, with diphenylcyclopropenone, and it is probable th at the 
rearrangement of the preformed ^-complex Pt{?/ 2 -PhC=C(Ph)C(0)}L2 
(L = PPh 3 (372), CNBu', COD/2) is slowed down by the presence of the 
weaker a donors sufficiently to permit attack by a second PtL 2 group on the 
bent a orbitals of the C 3 ring. The protonated species [Pt 2 (/i- 
(PhC) 2 C(OH)}(CNBu') 2 ] + was also observed (47). 

With fluoro carbons Pt 3 (CNBu06 gave the range of products 
Pt{OC(CF 3 ) 2 OC(CF 3 ) 2 )(CNBu') 2 , Pt{^-CF(CF 3 )CF(R)}(CNBu') 2 (R = F, 
CF 3 ), Pt{^-C(CN) 2 C(CF 3 ) 2 }(CNBu') 2 , Pt{^-CF 2 CF 2 }(CNBu') 2 , and Pt{rf- 
CFC1CF 2 }(CNBu'), the latter of which then undergoes isomerization first to 
m-PtCl(CFCF 2 )(CNBu') 2 and then to the trans isomer (373). 

A carbon-carbon double bond is cleaved in the reaction of hexakis(tri- 
fluoromethyl)benzene with Pt 3 (CNBu') 6 to give 59 (374) (see Section V,E). 


L= CNBu f 

(59) 

A variety of unusual products are formed from reactions of Pt 3 (CNBu') 6 
with acetylenes. With three equivalents of PhC=CPh, Pt(PhC= 
CPh)(CNBu') 2 is formed (48) which converts to the platinocyclopent-2,4- 
diene (60) (R = Ph) (Scheme 3) with excess acetylene (49). The symmetrical 
acetylene Me0 2 CC=CC0 2 Me and the isocyanide trimer gave 61 which 
converted to 60 (R = C0 2 Me) in refluxing toluene. The unsymmetrical 
acetylene MeC=CC0 2 Me, and RC=CC^CR (R = Me, Ph) produced 
the diplatinacyclobutene ring compound 62 (R = C0 2 Me, R = Me; R = 
C=CR‘; R 1 = Me, Ph) (49). The silane Pt(SiPh 3 ) 2 (CNBu') 2 formed from 
Pt 3 (CNBu') 6 and SiPh 3 H (375). 

Oxidative addition of X 2 (X = Br, I) to the dimers [Pd 2 (CNMe) 6 ] 2+ gave 
the mixture [Pd(CNMe) 4 ] 2+ , [PdX(CNMe) 3 ]+ and PdX 2 (CNMe) 2 (X = Br, 
I) (34). 

A dealkylation occurred during oxidative addition reactions of chlorine to 
the cations [PtCl(CNBu')(PMe 2 Ph) 2 ]+ and [Pt(CNBu') 2 (PMe 2 Ph) 2 ] 2+ which 
produced PtCl 3 (CN)(PMe 2 Ph) 2 , [PtCl 2 (CN)(CNBu')(PMe 2 Ph) 2 ] + , and 
PtCl 2 (CN) 2 (PMe 2 Ph) 2 , respectively. Other oxidative additions were 
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(62) 

Scheme 3 


straightforward, giving PtCl 4 (CNR) 2 , PtCl 4 (CNR)(PMe 2 Ph), [PtCl 3 - 
(CNR)(PMe 2 Ph) 2 ] + , and [PtCl 2 (CNR) 2 (PMe 2 Ph) 2 ] 2+ (R =Me, Bu', C 6 H n , 
C 6 H 4 Me-/7) from the corresponding neutral, mono, and dicationic precur¬ 
sors (376). 


E. X-Ray Structures 

Crystal structure determinations of the cations [MoX(CNBu') 4 
(Bu'HNCCNHBu')] + (X = Br, I) (63) containing the (AVV-dialkylamino) 



L = CNBu* 


(63 ) 


acetylene have been completed. The cations are very similar and resemble 
the capped trigonal-prismatic [MoX(CNBu') 6 ] + complexes (377). The 
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structure of the hydride [RuH(CNBu')s] [«/<fo-2,3-Me 2 -2,3-C 2 B 4 H 5 ] has 
been reported in a preliminary communication (362). 

The X-ray structural determinations of the paramagnetic and diamagne¬ 
tic modifications of CoI 2 (CNPh) 4 have shown that crystals of the former 
contain monomeric CoI 2 (CNPh) 4 units whereas those of the latter contain 
dimeric cationic units with a linear Co-I-Co bridge (64) and discrete I - 



anions (378). The chemical interconversions between these two cobalt 
modifications has been studied (379). The crystal structures of 
[Rh 2 l 2 (CNC 6 H 4 Me-p) 8 ](PF 6 ) 2 (65) (380) and [Rh 2 CI 2 (CN(CH 2 ) 3 NC} 4 ]- 



(65) 
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Cl 2 • 8H 2 0 (66) 7 (352,358 ) have established the existence of rhodium-rho¬ 



dium bonds (2.785 and 2.84 A, respectively) with pseudo-octahedral geom¬ 
etry about each rhodium being completed by isocyanide and halide ligands. 
The salt H3[Rh 4 Cl{CN(CH 2 )3NC} g ][CoCl 4 ] 4 */iH 2 0 has been structurally 
characterized (67). 8 The cation is made up of two binuclear 



(67) 

Rh 2 {CN(CH 2 ) 3 NC)2 + units linked by an Rh-Rh bond. The Cl - ion bridges 
the Rh 4 {CN(CH 2 ) 3 NC}| + units to form an infinite chain of repeat unit 

7 Reprinted with permission from Inorg. Chem. 18,2673 (1979). Copyright 1979 American 
Chemical Society. 

8 Reprinted with permission from J. Am. Chem. Soc. 102, 3966 (1980). Copyright 1980 
American Chemical Society. 
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(Rh 4 Cl). The two binuclear Rh 2 {CN(CH 2 ) 3 NC}} + units have approximately 
eclipsed ligand systems but are nearly perfectly staggered with respect to 
each other. The Rh-Rh distance between the binuclear units is 2.775 A and 
within the binuclear units Rh-Rh is 2.932 and 2.923 A. Bond orders of 1$ 
are proposed for these bonds, giving effectively a Rh(I)Rh(II)Rh(II)Rh(I) 
chain (357). 

The structures of the dimers Pt 2 (C 3 Ph 2 0) (CNBu') 4 (58) (47) and [Pd 2 (/t- 
CNMe)(CNMe) 2 (dpm) 2 ](PF 6 ) 2 (327a) and the two trimers Pd 3 (S0 2 ) 2 - 
(CNBu')s (57) (371) and [Pd 3 (CNMe) 6 (PPh 3 ) 2 ](PF 6 ) 2 (68) 9 (144) have been 



( 68 ) 

resolved. For the latter, the Pd atoms are collinear with the two phosphorus 
atoms, forming a five-atom chain. Interesting aspects of the structure are the 
short Pd-Pd bonds of 2.592(5) A and the displacement of the equatorial 
isocyanide ligands toward the center of the molecule (144). The metal- 
metal force constants in this and related trimetallic cations has been esti¬ 
mated at ca. 0.7 mdyn A -1 (381). The solid-state structure of 
Ni 4 (CNBu') 4 (PhC 2 Ph) 3 has been elucidated (69). 10 The unique apical nickel, 



’ Reprinted with permission from J. Am. Chem. Soc. 98, 7431 (1976). Copyright 1976 
American Chemical Society. 

10 Reprinted with permission from Inorg. Chem. 19,1553(1980). Copyright 1980 American 
Chemical Society. 
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Ni(4), lies on the pseudo-threefold axis and is bonded to a terminal isocya¬ 
nide. Complete details of this structure have not yet appeared but the 
acetylene bond order appears to be considerably reduced and may account 
for the catalytic activity of these complexes in converting acetylenes to 
exclusively cis -olefins (27). 


VI 

REACTIONS OF ISOCYANIDE LIGANDS 

A. Insertions and Related Reactions 
1. Into Metal- Carbon Bonds 

a. Metal-Alkyl and -Aryls. Insertion reactions of isonitriles into metal - 
alkyl or metal-aryl bonds are now well established, occurring with metal- 
alkyl or-aryl groups from group 1VA to IB and, recently, with uranium and 
thorium carbon bonds. In many cases the intermediate alkyl metal isocya¬ 
nide complex could be isolated, and the ease of insertion (on the limited 
evidence available) can be related to the size of ligands in the coordination 
sphere, the bulk of the isonitrile (382), the nucleophilicity of the halide and 
migrating carbon, and the electron-withdrawing groups on the isocyanide 
and phosphine (383, 384). In comparison with carbonyl-metal-alkyl sys¬ 
tems, isonitrile insertions are more facile, occurring in minutes (43) rather 
than hours for comparable carbonyl systems (385), giving iminoacyl groups 
which are thermodynamically more stable than their acyl counterparts, so 
much so that no reverse migration of an alkyl or aryl group from an 
iminoacyl ligand has yet been observed. In contrast to carbonyl systems, 
multiple insertions of isocyanides readily occur, especially with the more 
nucleophilic metals, giving usually heterometallacycles containing four- or 
five-membered rings. As a further contrast, y 2 - if and y?- rf bonding modes 
as well as t] 1 and rf modes have been observed in iminoacyl systems. In some 
instances unusual products have resulted from metal alkyl isonitrile interac¬ 
tions, as well as carbene complexes from electrophilic additions to the basic 
iminoacyl nitrogen atom. 

Insertions to give iminoacyl ligands have now been observed to occur in 
titanium (386-389), zirconium (388), tantalum (390), and rhenium (388) 
alkyl or aryl bonds. For titanium, reaction of Cp 2 TiRR' (R = R 1 = Me, 
CH 2 Ph; R = Me, R 1 = Ph, C 6 F 5 ) with isonitriles at -30°C gave unstable 
compounds of formula Cp 2 TiR(j/ 2 -CR' = NR 2 ) [R = R 1 = Me, R 2 = Bu' 
(388), C 6 H h (387); R = Me, R 1 = C 6 F 5 , Ph, R 2 = C 6 H M (389)]. In the 
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alkyl-aryl or alkyl - fluoroaryl compounds, preferential insertion of the 
isonitrile into the Ti-C 6 F 5 or Ti-Ph bond occurred, whereas with carbon 
monoxide, insertion into the Ti-Me bond was the preferred pathway. The 
complex Cp 2 TiMe{f/ 2 -C(C 6 F 5 )NC 6 H,,} represents the first example of an 
isonitrile insertion into a fluoroaryl bond, although fluoroaryl iminoacyl 
complexes of iron have previously been synthesized from LiC 6 F 5 additions 
to [CpFe(CNMe) 3 ] + (6). With Cp 2 TiR {R = alkyl (391), aryl (556)} the 
intermediate Cp 2 TiR(CNR l ) was isolated, and shown to slowly rearrange to 
Cp 2 Ti(f/ 2 -CR=NR‘) (R 1 = xylyl; R = alkyl or aryl). Oxidations of these 
?/ 2 -iminoacyls with X 2 (X = I, SPh) gave the products Cp 2 Ti(^ 2 - 
CR=NR')X (386, 391). 

Air-sensitive, uncharacterizable oils were isolated from reactions of 
NbMe 5 and TaMe 5 with isonitriles (388), and the thermally unstable solids 
MeTaCl 2 (CMe=NR) 2 and TaCl 4 (CMe=NR) resulted from interactions 
of Me^TaClj^x =1-3) with CNR (R = C 6 H 4 Me-/>, CH 2 Ph, C 6 H,,) (390). 
In contrast, Me 3 TaCl 2 and CNBu' gave air-stable orange crystals of 
TaCl 2 {CMe=NBu'} 3 (388). The tetraneopentylzirconium complex 
Zr(CH 2 CMe 3 ) 4 and CNBu' produced white air-sensitive crystals of 
Zr(CH 2 CMe 3 ) 3 (CNBu'){C(CH 2 CMe 3 )=NBu'}, whereas the paramagnetic 
rhenium alkyl ReMe 6 yielded air-sensitive Re(CNBu') 2 {CMe=NBu'} 3 . The 
fate of the three missing methyl groups in the latter reaction was not 
ascertained (388). 

Other iminoacyl complexes which have been prepared by insertions into 
metal-alkyl or -aryl bonds are CpFe(CMe=NBu')(CO)(CNBu') (392), 
Ru(CR=NR)Cl(CO)(PPh 3 ) 2 (R = C 6 H 4 Me-p) (393), CpNi(CR= 
NC 6 H 4 Me-p)(CNC 6 H 4 Me-/>) (R = CpMn(CO) 3 , Ph, C 6 H 2 Me 3 -2,4,6) (394), 
and [MX(CR=NR‘)LJ„ (M = Pd, Pt; x=\, n = 2; x = 2, n = 0) 
(382-384, 395). The crystal structure of frartJ-Ptl(> 7 1 -CMe=NC 6 H 4 Cl-/>) 
(PEt 3 ) 2 has shown the complex to be square planar (396), and not five-coor¬ 
dinate through ^-iminoacyl coordination as previously proposed (397). 

Intramolecular insertions into palladium carbon bonds of cyclome- 
ta llated comp lexes have been observed. The compound 
Pd (o-QH 4 CH 7 NMe,)Cl(CN R) (R = Bu', C 6 H 4 Me-p) produced 
[Pd(C(=NR)-o-C 6 H 4 CH 2 I^Me 2 )Cl] 2 , which was converted with Grignard 
reagents or LiAlH 4 to A r ,A r -dimethyl(o-aminomethyl-, or o-iminoacyl)ben- 
zylamine (398). The enyl compounds [M(C, 0 H, 2 OMe)ClL] (M = Pd (399), 
Pt (400)\ L = PPh 3 , CNR; R = Me, QH,,) react with isonitriles to give 
different products. With platinum, insertion into the Pt - C a bond occurs to 
give 70, whereas with palladium product 71 results. 

Iminoacyls have also been obtained by the addition of alkylating agents to 
metal-isocyanide compounds. The anions [CpM(CO) 2 (CNR)]~ (M = Mo, 
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(70) (71) 


R = Me, Ph; M = W, R = Me) react with methyl iodide to give the com¬ 
pounds CpMo(CO) 2 (f-CMe=NR) (R = Me, Ph) and CpW(CO) 2 
(CNMe)Me (43). The dihapto arrangement (72) (M = CpMo(CO) 2 ) for the 



(72) 

aminoacyl ligand was shown by an X-ray structural determination of 
CpMo(CO) 2 {t/ 2 -CMe=NPh} (401). Both molybdenum complexes react 
with TCNE, P(OMe) 3 , and PPh 3 to produce the t/'-iminoacyl complexes 
CpMo(CO) 2 L(CMe=NR) [L = TCNE, R = Me; L= TCNE,P(OMe) 3 , 
PPh 3 , R = Ph] (43) and one of these [L = P(OMe) 3 , R = Ph] was resolved 
structurally (401). Alkylations with RX or [Me 3 0]BF 4 of Fe(CNR) s and 
CpM(CNR)(PMe 3 ) (M = Co, Rh) produced the compounds 
[FeI(CR=NXylyl)(CNXylyl) 4 ] (R = Me, Et), [Fe(CR=NBu')(CNBu') 4 ]X 
(R = Me, Et, Pr‘; X = I, BF 4 ) (364), CpMI(CMe=NRXPMe 3 ) {M = Co, 
R = Ph (98); M = Rh, R = Me (402)), and [CpCo(CMe=NBu')PMe 3 ]I 

m. 

Other routes to iminoacyl complexes have been reported. The reaction of 
the anions [CpW(CO) 3 ]“ and [Co(CO) 3 PPh 3 ]-, or Pd(PPh 3 ) 4 , with imidoyl 
chlorides has given the neutral compounds CpW(CPh=NPh)(CO) 3 (403), 
Co(CR‘=NR)(CO) 3 (PPh 3 ) (404), and PdCl(CR‘=NRXPPh 3 ) 2 (403) for a 
range of alkyl and aryl iminoacyls. Treatment of Os 3 (CO), 2 with 
PhCH=NMe in refluxing octane under carbon monoxide atmosphere for 
15 hr gave the three products HOs 3 (/z-^ 2 -CPh=NMe)(CO) 10 (73), H 2 Os 3 (/z- 
?/ 2 -CPh=NMe) 2 (CO) 8 (74), and the ortho-metallated complex cis- Os- 
(o-C 6 H 4 CH=NMe) 2 (CO) 2 in yields of 18, 5, and 1%, respectively. Similar 
reactions of Os 3 (CO) 12 with Me 3 N and PhCH 2 NMe 2 gave the above three 
products in low yield together with the formimidoyl compounds (75) 
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(73) (74) (75) 


(M = Os; R = H; R 1 = Me), the methyl analog of 75 (M = Os; R = Me; 
R 1 = Ph), and the bridging carbyne (76) (M = Os; R 1 = R 2 = Me) (405). 





(76) 

The iminoacyl analog of the /t 3 -formimidoyl complex (75) has been ob¬ 
tained (406) from reactions of mixtures of [Fe 2 (CO) 8 ] 2 ~ and [W(CO) 5 I]“, or 
from [HFe 3 (CO),,] _ , or from mixtures of Fe(CO) 5 and Nal, in refluxing 
acetonitrile over extended periods. The complex formed, [Fe 3 (/i 3 -CMe= 
NH)(CO) 9 ] - , was readily protonated to give HFe 3 (/i 3 -CMe=NH)(CO) 9 
which was shown to have structure 75 (M = Fe; R = Me; R 1 = H) by an 
X-ray analysis (407). The iminoacyl group in these complexes may be 
considered to be derived from insertions into a hypothetical Fe-Me group 
by CNH. 

An unusual rearrangement occurred during the re action of CNBu ' with 
the thorium and uranium metallacycles[(Me 3 Si) 2 N] 2 MCH 2 Si(Me) 2 SlSiMe 3 
to give 77. The five-membered ring is not fluxional in the ’H NMR of these 


I 

-Si H 

[(M»,Si)*N] 2 M^ 

/ H 

/-Bu 

M = Th or U 


(77) 
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compounds, and to explain the chemical equivalence of the SiMe 2 methyls it 
was proposed that either rapid inversion at the nitrogen is occurring or the 
five-membered ring is planar (408). 

An equilibrium has been shown to exist between the enamine-ketimine 
form of the iminoacyl group (Scheme 4) by the addition of D 2 0, which 
effected deuteration of the methyl group, and by the addition of 
Me0 2 C=CC0 2 Me, which gave 78 (R = C 6 H 4 Me-p). This cyclized product 
was characterized structurally. The intermediate 79 in this reaction was 
characterized by 'H NMR and by additions of HBF 4 which formed 80 (409). 


Cl PEt, 

\/ 

N ''C=NC 6 

I 

Me 


3 Me—p 



/ c 6 h 4 m.-p 


Scheme 4 


>=< 


Cl PEU 

\ / r 8 

Pd I II 


/\c/ 

II 



The strongly basic character of the iminoacyl nitrogen has been demon¬ 
strated by protonations with NH 4 PF 6 (410) and HBF 4 (411) and alkylations 
with methyl iodide (384) to give metal-carbene complexes. Further exam¬ 
ples include the formation of the secondary carbene [Ru{C(C 8 H| 3 )- 
NHBu'}(CNBu') 5 ](PF 6 ) 2 from the reaction of [(f|',if-C g H 13 )Ru 
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(CNBu') 4 ]PF 6 and CNBu' in ethanol, and the isolation of the salts [Ru(Me- 
CNHR)(CNR) 5 ](BPh 4 ) 2 (R = Bu', xylyl) from reactions of [CODRu- 
MeCl(NCMe)] 2 and CNR in refluxing ethanol in the presence of NaBPh 4 
(36). The structures of two of these ruthenium carbenes were elucidated 
(e.g., 81 and 82) (279). The reaction of PtI(Me)(PEt 3 ) 2 with CNMe has 



produced [PtI(?/ l -MeCNMe 2 )(PEt 3 ) 2 ]I, which was apparently formed by 
reaction of a preformed PtI(^'-MeCNMe)(PEt 3 ) 2 with methyl iodide genera¬ 
ted from PtCN(Me)(PEt 3 ) 2 by a dealkylation step (384). 

Methyl iodide additions to the anions [CpMo(CO) 3 _ Jt (CNMe) jr ] - (x = 1, 
2) in THF gave the products CpMoI(CO) 2 (MeCNHMe) (43) and 
CpMoI(CO){C(NMe 2 )C(Me)NMe) (83) (43). In the latter complex the 


\ / N' 
Mo «*- II 

/ 'V/ c ' 

DC \C 

i| 

NMe z 


iminodimethylaminocarbene results from two consecutive methylation 
steps. Interesting examples of the reactivity of the iminoacyl nitrogen atom 
come from the isolation of acetimidoylcobalt heterocycles from [3 + 2]-cy- 
cloadditions of acetone or acetonitrile to the cobalt iminoacyl 
[CpCo(PMe 3 ){t/ 2 -MeCNMe)]I. The products formed were 84 and 85, the 
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Co 

‘/I ll' 


•sP / c . 

H ' 

? M. 


latter of which was structurally characterized (95, 402). The acetimi- 
doylruthenium compound (86) has recently been characterized from reac- 


[RuM«(cod)CI(NCMel J 2 





R = XYLYL 


Scheme 5 


tions of the methyl complex [Ru(Me)Cl(cod)NCMe] 2 with xylyl isocyanide 
in acetone solution. Compound 86 reacted further with dpm in acetone 
solution to form the two products given in Scheme 5 (18). 

A complicated insertion and rearrangement process was observed from 
reactions of CNBu' with WMe 6 . At — 78°C in diethylet her air-stab le crystals 
of the five-coordinate tungsten(VI) compound W{N(Bu')CMe 2 }(Me) 
(NBu'){N(Bu')CMeCMe 2 } were obtained, and this complex was shown 
to have the structure 87 from an X-ray diffraction study. A mechanism for 
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(87) 


the formation of the unusual dialkylamido group N(Bu‘)CMe=CMe 2 was 
proposed. Compound 87 reacts with refluxing methanol to give W(OMe) 6 , 
and with HC1 at -20°C to form [Me 2 C=C(Me)NH 2 Bu'][W{NH(Bu') 
CMe 2 }(Me)(NBu')Cl 3 ], the anion of which was characterized crystallo- 
graphically as 88 (388). 

Three routes to t/'-bonded polyimino ligands have been utilized. Multiple 
insertions into metal-alkyl or -aryl bonds or into the intermediate 
mono-imino complex has given PdI{t/ 1 -(C=NC 6 H,,) 2 Me}L 2 (L= 
PMe 2 Ph, PMePh 2 ) from [PdMeILJ n (x=2, n= 1; x= 1, n = 2) or 
PdI(MeCNC 6 H,,)L 2 and CNC 6 H n (382), and [Pd{^'-(C=NBu') 3 CH = 


| ,ci 

I ' w —cr 


CHC0 2 Me}(CNBu'Xdpe)]Br from PdBr(CH =CHC0 2 Me)dpe and CNBu' 
(395). The second route involves the di splacement of the N bond in an 
^-polyimino ligand. For example, CpFe(CO){C(=NC 6 H, ,)C(Me)=NC 6 
H,,} and CNBu' gave CpFe(CO){i/ 1 -C(=NC 6 H 1I )C(Me)=NC 6 H 11 }- 
(CNBu') (412). Interestingly, this complex rapidly converted into the cyclic 
carbene (89) on heating at 70°C. The third route has involved reactions of 


gHu 

N« — 


l! 

NHC e H„ 


I 

rN ^R' 

R 


( 89) 
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m-PdCI 2 (CNR) 2 (R = Ph, C 6 H 4 X-p; X = Me, OMe) with HgRJ (R 1 = Me, 
Ph) and PPh 3 , which gave /ra«i-PdCl{C(=NR)C(R 1 )—NR}(PPh 3 ) 2 (413). 
The chloro-bridged intermediate [PdCl(R'CNR)PPh 3 ] 2 was reported earlier 
(414). Different substituents on the nitrogen atoms were obtained from 
either HgMe 2 alkylations on PdCl 2 (CNR)(CNR'), or by a circular route 
involving first the conversion of PdCl{p'-C(=NR)C(Me)=NR 1 }(PPh 3 ) 2 
to PdCl{f/'-C(=NR)C(=0)Me}(PPh 3 ) 2 with HC10 4 and Et 3 N (415) and 
then condensation of the carbonyl group with primary aliphatic amines 
(416). 

The nitrogen atoms in these iminoalkyl groups have pronounced nucleo¬ 
philic character and can act as nitrogen donor ligands towards a series of 
metal atoms forming complexes of type 90 [M = Fe, Co, Ni, Cu, Zn; 



R 1 

(90) 


X = Cl, Br (416-418)-, M = Pd, Pt; X = Cl (419)]. In contrast, reactions of 
the derivatives Pd{»/'-C(=NR)C(Me)=NR}XL„ [X = S 2 CNMe 2 , L„ = 
PPh 3 ; X = Cl, L„ = dpe; X = Cl, L„ = (PPh 3 ) 2 ] with platinum (419) and 
rhodium (420) complexes has affected ligand migrations to give the products 
shown in Scheme 6. 



Scheme 6 
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Complexes containing f/ 2 -iminoacyl ligands obtained from multiple in¬ 
sertions usually contains the ligand bonded as a four- or five-membered ring 
depending on the number of insertions. Thus, photochemical activation of 
CpFe(CO)(CNC 6 H,,)R (R = Me, COMe) produced 91 (M = CpFe(CO); 
R = C 6 H u ) (412), whereas addition of Mel to Fe(CNBu') s in THF gave 91 

NR 


M 




-Me 


R 

( 91 ) 

{M = Fel(CNBu') 3 } (364). An unusual rearrangement has accompanied the 
addition of Mel to the anion [Mn(CO) 4 CNMe] _ . The product was shown to 
be 92 from X-ray diffraction studies (44). 


/ 

s =‘f\ 

// 


ji 


’• \l / 


(92 ) 

Dihapto iminoacyls bonded through five-membered rings have been 
synthesized from CNR 1 (R 1 = C 6 H M ) insertions into the metal-methyl 
and -aryl bonds in tram-PdIMe(PMePh 2 ) 2 (382) and CpFe(CO)- 
(CNC 6 H,,)C 6 H 4 X-p (X = H, Cl) (392) which gave 93 [R = Me, M = 



(93) 
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PdI(PMePh 2 ); R = C 6 H 4 X-p, R' = C 6 H„, M = CpFe(CO)]. The latter 
complex catalyzed the polymerization of isonitriles. 

Facile insertions into nickel carbon a bonds were observed during oxida¬ 
tion reactions of Ni(CNBu') 4 with alkyl chloroformates and alkyl iodides. 
The compounds formed 93 [M = NiX(CNBu'); X = Cl, I; R = alkyl, COR; 
R' = Bu'], further converted to 94 with excess CNBu' (421). 


r'nc c-C=NR' 



(94) 


b. Metal-Allyl, -Acetylene, and - Vinyls. Insertions of isocyanides into 
the metal-carbon bond in t/ 3 -allylpalladium chloride to give 
[Pd{C(=NR)CH=CH—R'}(CNR)C1] 2 (R = C 6 H u , Ph, C 6 H 4 N0 2 -/r, 
R 1 = H, Me) (422, 423) have been observed to occur via the rj '-allyl 
intermediate [Pt(cr-allyl)(CNR)Cl] 2 (424). These reactions have been used as 
synthetic routes to ketenimines. 

Two types of products have resulted from the insertions into metal 
Ti-acetylene complexes, depending upon the number of coordinated acety¬ 
lenes and the functional groups on the acetylene. For example, CpMCl(77 2 - 
PhC 2 Ph) 2 and CpMCl(7/ 2 -PhC 2 Ph)(7/ 2 -CF 3 C 2 CF 3 ) react with an excess of 
CNBu' to give the salts [CpM(CNBu') 3 (7/ 2 -RC 2 R)]Cl (M = Mo, W; R = Ph, 
CF 3 ). With CpMCl(7/ 2 -CF 3 C 2 CF 3 ) 2 and excess CNBu', however, cyclopenta- 
dienimines are formed by a mechanism given in Scheme 7. The crystal 
structure of the molybdenum complex has been elucidated (425). The cobalt 
complex CpCo(7/ 2 -PhC 2 Ph)PPh 3 produces the metallocycles (95) with excess 
isocyanide, which are intermediates in the formation of diiminocyclobu- 
tenes and triiminocyclopentenes (Scheme 8) (426). An iron product Fe{ 1-4- 
tj-C( == NBu')—C(Ph)=C(Ph)—C(=NBu')}(CNBu') 3 , containing an 
identical metallocycle as in 95, was isolated from PhC 2 Ph additions to 
Fe(CNBu') 5 (364). The asymmetry in this metallocycle shown in the X-ray 
structural determination is not reflected in the NMR spectra, and this is 
ascribed to a rotational process similar to that observed in (1,3- 
diene)Fe(CO) 3 . 




Scheme 
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Nucleophilic attack at a carbocationic carbon, similar to that observed in 
metal -carbynes, has been observed from CNBu' additions to the fa-rf- ace- 
tylide in the complex Fe 2 (CO) 6 (C=CPh)PPh 2 (427). The ligand dipole, 
indicated from the X-ray structural determination of the product 96, makes 
it susceptible to additions of primary amines, generating the carbene 97. 




\=c-/ 

/ \ 

(OOjFy——-F«(CO), 


H V 

l_l + 

/ \=c /Ph 

pr / \ 

(0C) 3 F^——Fe(CO), 


Protonation reactions in the cobalt metallocycles (95) with, 
HX(X = Cl, BF 4 , Q 2 CCF 3 ) gave CpClCo (C(NHR)C(Ph)==C(Ph)C 
(—N R)), [CpC6(C(NHR )C(Ph)=C(PTf£( = NR)ilBF,. and 

[CpC6{C(NHR)C(Ph)=C(Ph)C(NHR)](0 2 CCF,) 2 , respectively (411). 

Aromatic isonitriles insert into platinum-vinyl but not platinum-acety- 
lide bonds, to form /ra«5-Pt{C(CH=CH 2 )NR}ClL 2 (L = tertiary phos¬ 
phine) (428). The intramolecular insertion of /raHS-MBr(c/s-CH= 
CHC0 2 Me)(CNBu') 2 gives fraw5-[MBr{C(franj-CH=CHC0 2 Me)== 
NBu'}(CNBu')] 2 whereas insertion of CNC 6 H 4 Me-/? into trfl/7.?-MBr(c7.J- 
CH=CHC0 2 Me)(PPh 3 ) 2 yields tra«.?-MBr{C(m-CH=CHC0 2 Me)= 
NC 6 H 4 Me-/?}(PPh 3 ) 2 (395). 

c. Metal-Carbenes and -Carbynes. Treatment of the carbene 
(OC) 5 Cr=C(OMe)Me with CNC 6 H n produced the aziridene complex 
(98). This was characterized by peroxide oxidations and HC1 reductions, 



(99) 

to give the derivatives Cr{C(NHC 6 H n )C(OMe)=CH 2 }(CO) 5 and 
Cr(C(NHC 6 H, ,)C(Me)=0)(CO)j (429, 430). Complex 98 dissolved in 
methanol to produce Cr{C(NHC 6 H,,)C(OMe) 2 Me}(CO )3 (430), which is 
analogous to the manganese derivative, [Mn(C(NHR)C(OMe) 2 Me} 


11 Scheme 8 reprinted with permission from J. Am. Chem. Soc. 97, 3546 (1975). Copyright 
1975 American Chemical Society. 
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(CO) 3 {P(OMe) 3 } 2 ]PF 6 (99) (R = Me, aryl), obtained from [Mn{C(OMe)- 

Me OMs 

[ Mn ( (/ V OMe )(C0) 3 {p(0Me) 3 } 2 j 
S NHR 


(99) 

Me)(CO) 3 {P(OMe) 3 } 2 ] + and CNR in benzene (431). The reaction of 
CpFe(CO)(CNC 6 H,,)CH 2 R with CNC 6 H n in refluxing THF has produced 
the cyclic carbene 89 (R = H, aryl; R‘ = C 6 H U ). Analogous compounds 
were prepared from CpFeCCOXCNR^R (R = H, Ph, R> = Bu', C 6 H U , 
CH 2 Ph) and CNC 6 H n , or from CpFe{C(N=C 6 H n )CH=NC 6 H n }- 
(CO) and CNBu' (392). The products result from an insertion of two iso¬ 
cyanide molecules into a metal-carbon a bond and an unusual third iso¬ 
cyanide insertion into the C-H bond of an alkyl group. The structure 
of the complex CpFe{C(- NC 6 H, ,)C(NHC 6 H,,)=CHC(NHBu'))(CO) 
has been elucidated by X-ray diffraction methods (432). This has prompted 
a reformulation of the complex CpF6(CO){C(=NC 6 H,, )C( = NC 6 H,, )C- 
(CH 2 C 6 H 4 X-p)=NC 6 H l ,} reported earlier (433), as a derivative of 89 with 
the hydrogen-bonded proton removed (434). 

Insertions of CNR (R = Bu', C 6 H,,, Ph) into the iron-carbene bond in 
the ()/ 3 -vinylcarbene)irontricarbonyl complex (100) formed the ^-vinylke- 
tenimine (101) which converted to 102 on alkylation with MeOS0 2 F. The 
structural elucidation of 101 (R = C 6 H n ) was also reported (435). 



(IOO) (IOI) (102) 


Two cyclic carbene complexes have been prepared by either insertions in 
the metal-carbene bond in complexes containing the :C(R)NHR‘ group or 
by protonation of the product derived from multiple insertions into metal- 
acylimino systems. Thus, the ruthenium carbene 81 undergoes insertions 
with CNBu' in refluxing acetone to give 103 and 104 (36), whereas 
protonations of the imino complexes PdX{C(NC 6 H 4 OMe-p)- 
(MeC=NC 6 H 4 OMe-p))(PPh 3 ) 2 with methanolic HC10 4 gave a salt desig¬ 
nated 105 because of a fast exchange of the proton between the two nitrogen 
atoms (413). 
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(103) 


(104) 
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( 105 ) 


The intermediate Ni(CNBu') 3 {N 2 C(CN) 2 }, formed by adding diazodi- 
cyanomethane to Ni(CNBu') 4 , rearranges, probably via a carbene insertion, 
to give the ketenimine complex Ni{Bu'N=C=C(CN) 2 }(CNBu') 2 . An 
X-ray structural determination of the product has been reported (436). 

The addition of isocyanides CNR (R = Me, Bu', C 6 H U ) to the carbon 
atom in the metal carbynes [CpMCR'(CO) 2 ]BCl 4 (M = Mn, R 1 = Ph; 
M = Re, R* = Me) gave the ketenimyl salts [CpM=C(R)—C= 
CR‘(C0) 2 ]BC1 4 . The rhenium compound is extremely labile and was only 
characterized by IR techniques (437). With the alkylidyne complex 
CpM(CCH 2 Bu'){P(OMe) 3 } 2 (M = Mo, W), the reaction with xylyl isocya¬ 
nide produced 106 which was proposed to occur via a novel cheletropic 
reaction involving CNR attack on the metal-carbon triple bond. The 
metallacyclopropenimine then rearranges with loss of P(OMe) 3 , or alterna¬ 
tively opens up to form an ^‘-bonded iminoketenyl. Migration of this 
iminoketenyl onto a coordinated isocyanide then forms 106 (Scheme 9) 
(438). An X-ray diffraction study on 106 was reported. 


2. Into Metal-Hydride Bonds 

Very few reports on the formation of formimidoyl complexes have 
appeared. They have been prepared by various routes, with the majority of 
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p"/^CCHjBu* p'f*"\ RNC ^/ ^CCH 2 Bu* 
P P CH 2 Bu* P 



(106) 

Scheme 9 


pathways involving either insertions of isocyanides into metal-hydrides or 
additions of proton donors to metal-isocyanide complexes. 

Insertion into the Pt-H bond in /ra«s-[PtH(CNC 6 H 4 Me-p)L 2 ]Cl (L = 
PEt 3 , PMe 2 Ph) occurred in nonpolar solvents to give the formimidoyl 
complexes /ra/w-PtCl(CH=NC 6 H 4 Me-p)L 2 (439, 440). Syn and anti 
isomers of the formimidoyl ligand were observed during 'H NMR studies, 
which interconverted via rotation through a polarized transition state (440). 
Heating the dioxygen adduct Ru(0 2 )(C0)(CNC 6 H 4 Me-/7)(PPh 3 ) 2 in alco¬ 
hols produced the carboxylato-formimidoyl complex Ru(O z CR)- 
(CH=NC 6 H 4 Me-p)(CO)(PPh 3 ) 2 (R = Me, Et, Ph) (441), of which the ace¬ 
tate has been structurally characterized (442). No mechanism for this 
interesting alcohol-acetate conversion was proposed. 

The cluster Pt 3 (CNBu') 6 reacted with triorganosilanes or germanes to give 
the platinum dimers [Pt(CHNBu')(ER 3 )(CNBu')] 2 (E = Si, R 3 = Me 3 , Et 3 , 
Me 2 Ph, MePh 2 , Ph 3 , (OEt) 3 ; E = Ge, R = Me 3 ). The X-ray crystal struc¬ 
ture determination has shown the platinum atoms in [Pt(CHCNBu')(Si- 
MePh 2 )(CNBu')] 2 to be bridged by the formimidoyl ligands to give a six- 
membered ring in a boat conformation (375). 

Examples of formimidoyl ligands bridging three metal atoms have been 
observed in reactions involving Ru 3 (CO),,CNBu' with dihydrogen (443, 
444), or the reaction of the hydrides [HFe 3 (CO),,] _ (445) and H 2 Os 3 (CO) 10 



Metal Isocyanide Complexes 


283 


(446 -448) with isocyanides. Relevant products isolated were (75) (M = Fe, 
Ru, Os; R = H; R 1 =Me, Bu', Ph) and HRu 3 (CO)g(CNBu')(CH=NBu'). 
The osmium intermediates H(/i-H)Os 3 (CO) 10 CNR (R = Me, Ph) were iso¬ 
lated and the products of their further conversions were found to be solvent 
dependent. In strong donor solvents the carbene complexes 76 are formed 
by a mechanism which involved deprotonation and formation of a transient 
anion [HOs 3 (CO), 0 CNR] _ . In the anionic form the isocyanide ligand moves 
into a bridging position, developing lone-pair character on the nitrogen 
atom which is then protonated. In weak donor solvents preferential hydride 
transfer to the isocyanide carbon atom occurs via an intramolecular process 
to give (/z-H)Os 3 (//-r/ 2 -CH=NR)(CO)| 0 . The formimidoyl ligand in this 
complex bridges the edge of the cluster, but rearranges when the complex is 
further heated to give 75 (M = Os; R = Me, Ph; R 1 = H) through carbonyl 
loss. The compound 75 (M = Os; R = Me; R 1 =H) was also formed as the 
product of the interaction of Os 3 (CO) 12 with trimethylamine (405). The 
reaction of 75 (M = Os; R = Ph; R 1 = H) with P(OMe) 3 formed the edge¬ 
bridging formimidoyl complex (//-H)Os 3 (//-? 7 2 -CHNPh)(CO) 9 P(OMe) 3 . 
The crystal structure determinations of this latter complex (I07) 12 and 75 
(M = Os; R = Ph; R 1 = H) have been elucidated (446). A biproduct of 
these osmium reactions from refluxing n-butylether was the benzyne com¬ 
plex H 3 Os 3 (^-C 6 H 4 )(/i-f/ 2 -CHNPh)(CO) g (108), in which the benzyne 



ligand presumably formed by abstraction of a phenyl group from CNPh. No 
mechanistic details are yet available on this reaction (448). 

Complete hydrogenation of isocyanides has not yet been achieved with 
these osmium compounds although it occurs readily with the nickel cluster 
Ni 4 (CNBu') 7 (449). In the osmium case, however, the two different hydride 

12 Reprinted with permission from J. Am. Chem. Soc. 101, 2581 (1979). Copyright 1979 
American Chemical Society. 
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transfer pathways, e.g., to the nitrogen atom or the carbon atom, could lead 
to fundamentally different reduction products. Complexes containing step¬ 
wise reduction products of isonitriles have been obtained, however, from 
reactions of Cp 2 ZrH 2 with isocyanides. The reaction products obtained with 
xylyl isocyanide are given in Scheme 10 13 (59). 

Conversions of formimidoyl ligands into secondary carbenes by protona¬ 
tions or alkylations of the imino nitrogen have been observed in a few cases. 
In general, protonation-deprotonation studies have found the basicity of 
this nitrogen to be comparable with weak amines. Products obtained from 
these reactions are [Ru{CHN(Y)C 6 H 4 Me-/>}(0 2 CR)(C0)(PPh 3 ) 2 ] + (Y = H, 
Me; R = Me, Et, Ph) (441, 450) and tram-[PtX(CHN(Y)C 6 H 4 Me-/>)L 2 ]"+ 
(Y - H, Me, L = PEt 3) X - Cl, n = 1; X - CNC 6 H 4 Me-p, PPh 3 , n = 2; 
Y = H, L = PMe 2 Ph, X = CNC 6 H 4 Me-/>, n = 2) (439, 451). The crystal 
structure of RuI 2 (CHN(Me)C 6 H 4 Me-p}(CO)(CNC 6 H 4 Me-/>)PPh 3 has been 
reported (452). 

3. Into Metal-Nitrogen, -Oxygen, and-Sulfur Bonds 

As an extension of earlier work (453), the insertions of isocyanides into 
the metal-nitrogen bond in the azido complexes Co(N 3 )(cheIate)L (che¬ 
late = dianion of Y.A'-o-phenylenebisfsalicylidenimine); L = PPh 3 , py or 
free coordination site) has been investigated. The tetrazole complexes (109) 

13 Reprinted with permission from J. Am. Chem. Sue 101, 6451 (1979). Copyright 1979 
American Chemical Society. 
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{M = Co(chelate)L; R = C 6 H n , (CH 2 )„OH (n = 2,3), (CH 2 ) 2 0C0 2 
(CH 2 ) 2 NC; L= PPh 3 , py) result from CNR reactions in chloroform, 
whereas the oxazolidinylidene compound (110) [M = Co(chelate)N 3 ; R = 




'" S ‘CHR 

I . 2 


(109) 


(110) 


R 1 = R 2 = H] is the preferred product of CN(CH 2 ) 2 OH reactions in THF. 
Similarly CNNPri produced 109 [M = Co(chelate)PPh 3 ; R = NPri] from 
CHC1 3 and Co(CN)(chelate){N(Pr')=CMe 2 } from acetone (454). The 
crystal structure of the gold tetrakis(l-isopropyltetrazol-5-ato) complex 
[AsPh 4 ][Au(CN 4 Pr*) 4 ] has been reported (455). 

Other oxazolidinylidene compounds have been synthesized by three 
routes. Intramolecular condensations of palladium and gold compounds 
containing the hydroxyisocyanide CN(CH 2 )„OH (n = 2,3) have produced 
111 (M - Pd, n = 2, 3, * = 4, a = 2; M = AuC 1 3 , AuCl, n = 3, * = 1, 
(2 = 0) (456). Additions of 1,3-dipolarophiles to [PtCl(CNCH 2 C0 2 Et)- 
(PPh 3 ) 2 ]BF 4 gave a range of products in high yield, including 110 (M = 
PtCl(PPh 3 ) 2 ; R = C0 2 Et; R 1 = H; R 2 = alkyl, aryl), 112 (M = PtCl(PPh 3 ) 2 ; 



(Ml) (MZ) 


R = C0 2 Et; R 1 = H), pyrrolines, pyrrols, and imidazoles (457). The reac¬ 
tion of aldehydes and ketones with OsHC 1(CO)(CNR)L 2 and 
[OsC 1(CO) 2 (CNR)L 2 ] + (L = PPh 3 ; R = tosylmethyl) in the presence of 
NaOMe gave the four product types 113 (M = OsHCKCO)!^), 110 (M = 


(113) 
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OsC 1(CO) 2 L 2 , R = S0 2 Me; R 1 = H; R 2 = Me); 112 (M = OsHC 1(CO)L 2 ; 
R = OMe; R 1 = Me), and OsHCl{£oCMe 2 CH(OMe)NH}(CO)(PPh 3 ) 2 
from PhCHO, CH 3 CHO, and acetone, respectively (458). 

Nitrilimines or nitrilylides were found to produce the cyclic carbene 
compounds 114 (R = R 1 =C 6 H 4 Me-p; R = C 6 H 4 Me-p, R 1 = H; L = PPh 3 , 
PEtPh 2 ; X = Cl, Br, I) and 115 (R = C 6 H 4 N0 2 -p, R 1 = R 2 = C 6 H 4 Me-p; 


Ph_ 

X 2 L Pd — C ^ || 

N— CR 1 
R 

(114) 


^CH- N 

x 2 l Pd—II 

N-CR* 

(115) 


L = PPh 3 , PEtPh 2 ; X = Cl, Br, I) on reacting with m-PdX 2 L(CNC 6 H 4 
Me-p) (459-461). 

The insertion of CNMe into the diethylamine-palladium bond in 
chloro(3-dieth ylaminopropionyl) (diethylamine)palladium(II) produced 
the carbene ClJ>d{C(=0)(CH 2 ) 2 NEt 2 }{C(NHMe)NEt 2 } (462). Treatment of 
the ylide [Ph 3 PN(SiMe 3 )PdCl 2 ] 2 with CNC 6 H n gave, after hydrolysis, the 
carbene Pd{C(NHC 6 H u )N=PPh 3 }(CNC 6 H n )Cl 2 (46 3). The reaction of 
Cu 7 P, CNBu', and carboxamides gave Cu{N(Bu')CH = N — 
C(R)—6}(CNBu') 2 which were assumed to be formed by isonitrile insertion 
into the copper-nitrogen bond of a copper(I) amide intermediate (464). 
Deprotonation of the carbenes[AuCl{C(NHR)NHR'}] B (/j = 1,2) has given 
the insoluble species [Au{C(NHR)=NR l )] jt (R, R 1 = alkyl, aryl) (465) 
related to the trimers [Au{C(OR)=NR‘}] 3 (466). 

The insertion of CNR (R = Me, C 6 H 4 OMe-p, xylyl) into the platinum- 
oxygen bonds in Pt(OH)R'L 2 (L 2 = Ph 2 PCH=CHPPh 2 ; R 1 = CF 3 , 
CH 2 CN) to give the carboximido derivative Pt(CONHR)(R')L 2 represents 
the only example known of this type of insertions (467). 

Carboxyimido complexes have, in one other earlier instance, been pre¬ 
pared from OH - reactions on coordinated isocyanides (6), but recently the 
reaction of ReCl 3 (CNMe)dpe with moist methanol in the presence of 
NaC10 4 has given [ReCl(C0NHMe)(dpe) 2 ]C10 4 (468). The rhenium car¬ 
boximido group was readily deprotonated by bases to give the first example 
of an ^-bonded isocyanate ligand, e.g., Re{^ 2 -C(=0)NMe)Cl(dpe) 2 . The 
osmium complex Os(^ 2 -SCNR)L(CO)(PPh 3 ) 2 containing an ^-isothio- 
cyanato group has been isolated as the product of SH - attack on the 
isocyanide in [OsClL(CO)(CNR)(PPh 3 ) 2 ]+ [R = C ? H 4 Me-p; L = CO (469), 
L = CS (470)]. In this case ^-bonding to the osmium is proposed to occur 
via carbon and sulfur in contrast to the bonding to carbon and nitrogen in 
the rhenium case. Alkylation of the isothiocyanato group produced [Os{rf- 
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SCNRMe}L(CO)(PPh 3 ) 2 ] + which converted to the monohapto dithioester 
Os{C(S)NRMe}H(CS)(CO)(PPh 3 ) 2 with NaBH 4 . A further rearrangement 
and alkylation produced 116 and 117 {M = OsH(CO)(PPh 3 ) 2 }, respectively 

S SMe |+ 



(M6) (ri7) 


(470). The crystal structure of 116 has been completed (471). The 
dimeric molybdenum complexes CpMo{SC(NR)S} 2 MoCp 
(R = Me, Bu', C 6 H m , CH 2 Ph), containing bridging dithiocarbonimidate 
ligands, were synthesized from [CpMoS(CH 2 ) 3 S]a and excess isonitrile 
(472). 

There is one example to date of the formation of an imidoyl complex, viz., 
Pt{ ^‘-C(OMe)NR}R 1 Lj (R = Me, aryl; Lj = Ph 2 PCH=CHPPh 2 ; 
R 1 = CF 3 , CH 2 CN), by the insertion of an isocyanide into a metal -alkoxy 
bond (467). All other reactions have utilized the attack of alkoxide ions on 
bonded isocyanide ligands. Minghetti and Bonati (473, 474) first used 
alcoholic KOH to synthesize Pt{C(OR)NR'} 2 (CNR')PPh 3 from 
PtCl 2 (PPh 3 ) 2 -CNR‘ mixtures and later extended this work to the synthesis 
of the silver and gold imidoyl trimers [M{C(OR)NR'}] 3 (M = Ag, Au; R = 
alkyl; R 1 = alkyl, C 6 H 4 Me-p) from simple silver(I) and gold(I) chloroiso- 
cyanide compounds (474-476). The crystal structure determination of 
[Au{C(OEt)NC 6 H 4 Me-/?}] 3 has been reported (466). These trimers are 
cleaved by donor ligands to give the monomeric compounds 
Au{C(OR)NR'}L (L = PPh 3 , CNR) (477) and by HC1 to give the carbenes 
AuCl{C(OMe)NHMe) (4 75). They also readily transfer the imidoyl group to 
form HgY 2 , [AuY] 3 and PtClY(PPh 3 ) 2 {Y = C(OEt)NC 6 H 4 Me-p} from 
suitable precursors (476). 

Typical platinum complexes that have recently been prepared from 
alcoholic KOH solutions and platinum isocyanide precursors are trans- 
Pt{C(OMe)NR}(CHNR)(PEt 3 ) 2 (R = C 6 H 4 Me-p) (440, 451) and 

Pt{C(OR)NC 6 H 4 Me-p} 2 (CNC 6 H 4 Me-p)PPh 3 (R = Me, Et) (478). 

The compounds Pt{C(OMe)NR) 2 dpe, Pt{C(OMe)NR} 2 (CNR)PPh 3 
(478), Au{C(OMe)NR}PPh 3 , and Hg{C(OEt)NR} 2 (R = C 6 H 4 Me-p) 
(479,480) have been shown to act as monodentate or bidentate ligands to a 
series of metal complexes. 
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A linear tetramer has recently been isolated from reactions on xylyl 
isocyanide with (CODRhCl) 2 in methanol solution (32). An X-ray struc¬ 
tural determination (279) has shown it to be 118 containing four rhodium 



atoms bonded in two pairs by chloride bridges. The two pairs are linked by 
two imidoyl bridges and a rhodium-rhodium bond of 2.57 A. A formal 
oxidation state of rhodium(II) is proposed for the two central rhodium 
atoms. 

Insertions into the metal - oxygen bond in mercuric acetate with aromatic 
isocyanides has given the compound 119 (R = Ph, xylyl), which readily 
hydrolyzed to give organic acetamide derivatives (480). 



(119) 



Metal Isocyanide Complexes 


289 


4. Into Metal-Halogen Bonds 

Methyl and /-butyl isocyanide are proposed to insert into metal - halogen 
bonds in the compounds MC1 4 (M = Ti, Zr, Hf), MC1 3 (M = Ti, V) and 
NbCl 4 (THF) 2 to give the chloroimino bridged compounds [MC\ 2 X{ji-tf- 
C(C1)NBu'}(CNBu')] 2 (M = Ti, Hf,Nb; X = Cl; M = V; X = CNBu'), 
which for vanadium is proposed to have structure 120 (204, 481). Similar 

Cl Bu* 

L I I L 

L I I L 

But Cl 

L = CNBu* 

(120) 

reactions with the pentahalides MX 5 (M = Nb, Ta; X = Cl, Br) and CNR 
(R = Me, Bu') and TaOBr 3 gave MX 4 _ n {C(X)NR} B (CNR) (n=l, 2, 
M = Nb, X = C1, R = Me; n = 3, M = Ta, X - Br, R = Me) and 
TaBr 2 0{C(Br)NMe}CNMe (482, 483). No inserted products were observed 
for chromium (481) molybdenum and tungsten halides (204, 481). 

The formation of chloroimino ligands has been proposed solely on weak 
v(C=N) vibrations in the 1600-1750 cm -1 1R region. A repeat of the 
vanadium reaction by other workers (109) found the product of their 
reaction to be VC1 3 (CNBu') 3 , so some caution should be applied to the 
formulation of the proposed vanadium dimer at least. Substitution reac¬ 
tions on these compounds with a series of mono- and bidentate tertiary 
phosphorus ligands and metathetical replacements with lithium quinolin-8- 
olate and sodium diethyl dithiocarbamate have given a range of neutral and 
cationic products (204, 483). 


B. Nucleophilic Addition by Alcohols and Amines 

These reactions involve the addition across the C=N bond in isonitriles 
by the O-H or N-H bonds of alcohols or amines to form carbenes. The 
general reactions may be represented as Eqs. (7) and (8): 


M—C=N—R + HOR 1 — M=C(OR')—NHR 
M-CsN-R + HNR'R 2 — M=C(NR'R J )—NHR 


(7) 

( 8 ) 
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and the carbene products are related to the imidoyl M—C(OR)=NR and 
imido M—C(NR‘R 2 )=NR precursors by deprotonations. Some com¬ 
ments about these reactions can be made. As expected the addition is 
facilitated by electron-withdrawing groups on the isocyanide and electron- 
releasing groups on the amine, and alcohol additions tend to require more 
forcing conditions than amines. The carbene products have been shown to 
be better <r donors than their isocyanide precursors and poorer n acceptors 
(484,485). The C Is binding energies show that the carbenoid carbon atoms 
are less positively charged than the carbon atom of the isocyanide (484). 
Geometrical isomers have been separated in these complexes, and NMR 
studies have demonstrated rapid rotation about the metal - carbon bond but 
restricted rotation about the carbon-nitrogen bond. In some cases re¬ 
stricted rotation has been observed about the metal-carbon bond, but this 
has been ascribed to steric rather than electronic influences (3, 486). 

For alcohol additions, mono- and dicarbene complexes have been synthe¬ 
sized, for palladium, platinum (487-489), and gold (475, 490- 493), from 
methanol, ethanol, or ethanethiol (494) additions to the isocyanide precur¬ 
sor. The stability of the gold(l) carbenes can be gauged from reactions with 
halogens which gave the oxidative addition product without loss of the 
carbene ligand (492). 

For amino additions, two general reactions occur which generate either 
monocarbenes or chelating dicarbenes (495-497). A variety of types of 
chelating dicarbenes have been synthesized depending upon whether the 
attacking amine is mono- or bifunctional. Primary amines produce four- 
membered metallocycle rings of general formula 121 (495) whereas with 
bifunctional amines five-membered metallocycle rings of the type 122 are 
produced (496, 497). 


;l 

% / N 

\c 

SI 



(121) 


(122) 


With monodentate carbenes, complexes containing one, two, or three of 
these ligands in the coordination sphere are known, and quantitative data 
on the reaction of amines to a coordinated isocyanide ligand have shown the 
addition to proceed by a stepwise mechanism through an intermediate 
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MCNR + NHR'R* 

«- 

M 

^ C -NHR 1 r z 



Scheme 11 


produced by amine attack on the isocyanide carbon atom. This then 
undergoes proton transfer to give the final product (Scheme 11) 
(498-500). Proton transfer to give the final carbene can occur intramolecu- 
larly via a four-center transition state (Path A) or intermolecularly with a 
second amine acting as a catalyst in a six-membered transition state (Path B) 
(498). Solvents which had a decreasing ability to form hydrogen bonds with 
the attacking amine increased the rate as did electron-withdrawing substitu- 
tents on the isocyanide, and the electronegativity of the halide (501-504). 
With ortho-substituted anilines, steric strain in the intermediate process 
produces an overall decrease in the rate such that reversible attack by 
amine on the isocyanide carbon becomes comparable in rate with subse¬ 
quent stages leading to carbene formation (505). Variations in tertiary 
phosphorus ligands affected the rate through a balance of steric and elec¬ 
tronic factors, i.e., amine attack requires low steric hinderance and a high 
^-acceptor property of the phosphorus donor ligand (501). Steric factors 
were cited as the reason why biscarbenes in c/s-PdCl 2 (CNAr) 2 were formed 
with primary amines but only monocarbenes resulted with secondary 
amines (499). In a study on the reaction of MeNHNH 2 with cis- 
PdCl 2 (CNAr) 2 in dichloromethane, preliminary attack of the solvent on the 
carbene carbon is proposed (506). 

In a competing reaction between bonded carbonyls and isocyanides with 
amines, amine attack on the carbonyl appears to be much more rapid than 
on the isocyanide. However, as the electron density on the metal, and hence 
on the carbonyl carbon increases the tendency to react with amines de- 
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creases and attack on the isocyanide becomes the preferred pathway (507, 
508). 

There are a few factors which control the cyclization of a monocarbene to 
a chelating dicarbene. A steric or proximity effect could prevent the mono¬ 
carbene ligand from achieving the required stereochemistry for attack on 
another isocyanide ligand in cis position. Cyclization will be less favored in 
low-valent metal complexes due to a decrease in electropositive character 
through an increase in n backbonding. This explains why [Rh(CNBu') 4 ] + 
forms only the monocarbene [Rh(CNBu') 3 {C(NHPr n )NHBu'}] + whereas 
[Rh(R)I(CNBu') 4 ] + (R = Me, Et) rapidly gave the chelating dicarbene 
[Rh{C(NHBu')N(Pi")C(NHBu')}(R)I(CNBu') 2 ] + (509). In a comparison of 
the formation of the monocarbenes [Fe(CNMe) 5 {C(NHMe)NH 2 }] 2+ , 
[Ru(CNMe) 5 {C(NHMe) 2 }] 2+ (496), and [Os(CNMe) 3 {C(NHMe) 2 } 3 ] 2+ (510) 
the absence of chelation was attributed to the amino-substituted carbene 
ligand being less sterically demanding, and that the greater radius of ruthe¬ 
nium and osmium decreases the proximity of the coordinated ligands. 

These carbenes exhibit some unusual properties and also undergo some 
interesting reactions. For example, heating [Ru(CNMe) 5 (C(NHEt)- 
NHMe}] 2+ in DMSO for 6 hr resulted in an isomerization to [Ru(CNMe) 4 - 
(CNEt)(C(NHMe) 2 }] 2+ via a chelating dicarbene similar to 121 (495). The 
carbene ligand in CoMe(dimethylglyoximato){C(NHMe) 2 ) undergoes an 
isomerization, which is thermally irreversible* to give the formamidine 
complex CoMe(dimethylglyoximato){N(Me)CHNHMe) (511). Deproto¬ 
nation reactions in mono- and dicarbene complexes readily occur to 
give compounds containing the neutral amidino ligand—C(NHR)= 
N R 1 . For example the yellow isomer of Chugaeuv’s salt 
[ Pt(C(NHMe)NHNHC( NHMe))(CNMe),l 2 + converts to the red isomer 
[Ft{C(NHMe)=NNHt(NHMe)}(CNMe) 2 ] + with base (497). Displace¬ 
ment of carbenes in gold complexes by PPh 3 in alcohol, or cyanide ions in 
DMSO, gave the formamidines CH(=NR)NR‘R 2 (R = Bu', R 1 = R 2 = 
CH 2 Ph; R = R 2 = Me, R 1 = H; R = R 1 = R 2 = Me), and these reactions 
have established the carbenes as intermediates in the a-addition reactions 
of protic nucleophiles to isocyanides (512, 512a). 


C. Formation of Metal -Carbynes 

The compound HFe 3 (CO) 10 (CNMe 2 ) (76) (M = Fe; R 1 = R 2 = Me), 
characterized (513) in 1970 from reactions of DMF with Fe 3 (CO) 12 , has 
recently been prepared by new routes. In one reaction, 76 (M = Fe; R 1 = 
R 2 = Me, Et) was one of two products resulting from additions of chlorofor- 
miminium chlorides to Fe 3 (CO), 2 (514). Another route has involved addi- 
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tion of CNR 1 (R 1 = Me, Et, PrO to the anion [HFe 3 (CO) u ] - followed by 
alkylation and protonation. This gave the two products 76 (M = Fe; R 1 = 
R2 = Et; R 1 = Et, R 2 = Me, Pr'; R> = Me, R 2 = H) and HFe 3 (/t- 
CNEt 2 )(CO),CNEt (445). The ruthenium analog 76 (M = Ru; R 1 = 
R 2 = Me) was prepared from Me 2 NCH 2 SnMe 3 and Ru 3 (CO), 2 (575), 
whereas, corresponding osmium derivatives 76 {M = Os; R 1 = H, R 2 = Bu' 
(446)\ R 1 = R 2 = Me (405)) resulted from reactions of H 2 Os 3 (CO) 10 with 
CNBu', or by treating Os 3 (CO) 12 with Me 3 N or PhCH 2 NMe 2 in high boiling 
solvents, respectively. 

X-Ray crystallographic structural determinations of 76 [M = Ru, R 1 = 
R 2 = Me (575); M = Os, R 1 - H, R 2 = Bu' (576)] have shown an imin- 
ium-type structure (123B) for the CNR 2 ligand, but variable-temperature 
'H NMR has indicated a significant contribution of the carbyne structure 
(123A) to the resonance hybrid (445). Large energy barriers to rotation in 
the /i-CNR'R 2 ligands have been observed in the iron (445) and osmium 
(405) complexes. 



(123) 

Other bridging iminyl groups have been synthesized from protonations 
and alkylations of cyclopentadienyl iron carbonyl isocyanide complexes. 
Protonations of [Cp 2 Fe 2 (CO) 3 ] 2 CN(CH 2 )„NC, and (dienyl) 2 Fe 2 (CO) 4 _^- 
(CNR)* occur at a rate dependent upon the nature of the dienyl ligand, 
the R group, and the degree of isocyanide substitution. Thus, indenyl salts 
are less readily formed than their cyclopentadiene counterparts, smaller R 
groups react faster and gave more stable products than bulky R groups, and 
an increase in the number of isocyanides in the coordination sphere in¬ 
creases the rate of protonation or alkylation (577). Representative 
products formed in these reactions are [{CpjFe 2 (CO) 3 ) 2 • CNH- 
(CH 2 )„HNC](PF 6 ) 2 (168), cw-[(dienyl) 2 Fe 2 (CO) 2 (//-CO)(/i-CNHR)]PF 6 , 
and cw-[(dienyl) 2 Fe 2 (CO) 2 (//-CNHR) 2 ](PF 6 ) 2 (518). The latter two products 
are also the hydrolysis products of acetyl or benzoyl chloride reactions on 
Cp 2 Fe 2 (CO) 3 _ A (CNR) JC (x = 1, 2; R = Me, Et, CH 2 Ph) via the unstable 
intermediate [Cp 2 Fe 2 (CO) 3 _ JC {CN(R)COR}JCl (jc = 1,2) (579). In ethanol 
or phenolic solvents the >H NMR of (dienyl) 2 Fe 2 (CO) 4 _^(CNR) JC (dienyl = 
MeC 5 H 4 , Cp; R= alkyl; x= 1, 2) contains resonances attributable to 
species hydrogen bonded to solvent protons through the isocyanide nitrogen 
atom. In the more acidic solvents the “free” species, hydrogen-bonded 
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species, and the protonated species [(dienyi) 2 Fe 2 (CO) 3 {CN(R)H}] + are 
shown to be in equilibrium (520). The crystal structure of 
m-[Cp 2 Fe 2 (CO) 2 (/z-CO)(/z-CN(H)Me}]BF 4 has been elucidated and the 
C-N bond distance of 1.28 A is evidence for the iminyl-type bonding 
(123B) of this group (518). Addition of alkyl iodides to 
(dienyl) 2 Fe 2 (CO) 3 CNR (dienyl = C 5 H 4 Me, Cp; R = alkyl) and Cp 2 Fe 2 - 
(CO)(CNMe) 2 CS gave [(dienyl) 2 Fe 2 (CO) 3 (/i-CNR'R)]I (191, 517, 521) 
and [Cp 2 Fe 2 (^-CO)(/z-CNMe 2 )(CNMe)CSMe]I 2 (522). The crystal struc¬ 
ture of m-(C 5 H 4 Me) 2 Fe 2 (/z-CO)(^-CNMe 2 )(CO) 2 ]I was resolved (517). 
In the completely substituted product Cp 2 Fe 2 (CNXylyl) 4 , protonations 
with HPF 6 have given the diprotonated species Cp 2 Fe 2 (CNXylyl) 2 (/i- 
CN(H)Xylyl) 2 ](PF 6 ) 2 , the reactions being extremely rapid when compared 
with mono- and disubstituted species. In polar solvents this salt rapidly 
converts to [CpFe(CNXylyl) 3 ]PF 6 . Alkylations on Cp 2 Fe 2 (CNXylyl) 4 with 
RI, (R = Me, Et) effected alkylation of only one isonitrile to give 
[Cp 2 Fe 2 (CNXylyl) 3 (/t-CN(R)Xylyl)]I (R = Me, Et). These reactions exem¬ 
plify the greater nucleophilic character of the bridging nitrogen atom 
through an increased contribution of the resonance form B (Section II) in 
the bonding mode, when compared with monodentate isocyanide ligands 
(32). 

Other bridging carbynes that have been prepared are (Fe 2 (CNEt) 6 (/t- 
CNEt){/z-CN(R)Et} 2 ]I 2 (R = Me, Et) from alkyl halide additions to 
Fe 3 (CNEt) 9 (17), and [W 2 (CNMe) 4 (/t-CNHMe) 2 (PMe 2 Ph) 4 ](BF 4 ) 2 from re¬ 
actions of mer-W(CNMe) 3 (PMe 2 Ph) 3 with HX (X = HS0 4 , Cl) (523). In the 
iron example the bridging carbynes were proposed to have character (123A) 
from their low contact-carbon atom shifts in the l3 C NMR spectrum. 

Protonation of terminal isocyanide ligands has been effected in the 
electron rich complexes //wts-ReCl(CNR)(dpe) 2 (R = Me, Bu') (524, 525) 
and M(CNR) 2 (dpe) 2 (M = Mo, W; R = Me, Bu', Ph, C 6 H 4 Me-/?) (57,280). 
This is due to the considerably induced n character in the metal-carbon 
bond through electron release from the metal. This causes a bending in the 
MCNR angle to 156(1)° as observed in the crystal structure determination 
of /ra«.y-Mo(CNMe) 2 (dpe) 2 (280). Complexes isolated from these protona¬ 
tion reactions with HX (X = BF 4 , HS0 4 , SF0 3 ) include trans- 
[ReCl(CNHR)(dpe) 2 ]BF 4 fram-[M(CNHR)(CNR)(dpe) 2 ]X, and trans- 
[M(CNHR) 2 (dpe) 2 ]X 2 . Under carefully controlled conditions, the 
intermediate hydrides [MH(CNR) 2 (dpe) 2 ]X and [MH(CNHR)- 
(CNR)(dpe) 2 ]X 2 were formed (526). Irradiation of fra/w-Mo(CNMe) 2 
(PMe 2 Ph) 4 and mer-W(CNMe) 3 (PMe 2 Ph) 3 in alcohol solutions containing 
H 2 S0 4 or HC1 produced low yields of methylamine, ammonia, and hydro¬ 
carbons (mainly methane). The dimeric carbyne [W 2 (CNMe) 4 (/z- 
CNHMe) 2 (PMe 2 Ph) 4 ] 2+ was implicated as an intermediate in these conver¬ 
sions (523). 
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Alkylations on lra/js-M(CNMe) 2 (dpe) 2 were also readily effected with 
MeFS0 3 , Me 2 S0 4 , or [Et 3 0]BF 4 in benzene to give the monoalkylated salts 
tra«i-[M(CNRMe)(CNMe)(dpe) 2 ]X (M = Mo, W; R = Me, Et; X = FS0 3 , 
MeS0 4 , BF 4 ), which isomerized to the cis isomer in CH 2 C1 2 solution. No 
dialkylations were observed with these complexes (58). 

X-Ray structural determination on fra/«-[ReCl(CNHMe)(dpe) 2 ]BF 4 
(525) has found the C(carbyne)-N bond length to be 1.35 A (i.e., bonding 
mode 123A). In contrast, the bridging ^CNR'R 2 ligands in 76 (M = Os; 
R'=H; R 2 = Bu') (576), 76 (M = Ru; R 1 = R 2 = Me) (575), and 
[Cp 2 Fe 2 (CO) 2 (/i-CO)(/i-CNHMe)]BF 4 (575) have C(carbyne)-N bond 
lengths of 1.298, 1.28, and 1.28 A, respectively, demonstrating an iminyl- 
type resonance mode (123B) for these bridging ligands. 


D. Organic Syntheses 

An in-depth survey of the numerous organic compounds that have been 
synthesized from isocyanide-metal interactions is beyond the scope of this 
review. However, the versatility of the isocyanide molecule in organic 
synthesis can be gauged from its involvement in the following series of 
products: amides (462, 527), amines (527, 528), bicyclic ring systems (529, 
530), C n -C 15 rings (531, 532), dianionic acids (533, 534), diketones (555), 
ethylene derivatives (529, 535), formamides (534), formamidines (536), 
formimidates (536), formylaminoacrylic esters (534), guanidines (537), 
heterocycles (534, 538-540), indazole derivatives (541, 542) and heterobi- 
cyclic’ring systems (543), isocyanates and diisocyanates (544, 545), macro¬ 
cycles (528), Michael additions (546,547), saturated and unsaturated cyclic 
olefin derivatives (529, 543, 548-554), serines (534), ureas (555, 556), and 
urethanes (555). 
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reactions, 87 
vinylidenes, 88 

pentacarbonyls, 63, 66, 95-96, 104— 
105 

Cobalt carbidocarbonyl clusters, 33-43, 54 
carbide carbon chemical shift, 47 
dicarbides, 37-38 
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carbide carbon chemical shifts, 47 
effective radius of carbide carbon, 50 
hexanuclear hexadecacarbonyl dianion, 3, 
4 

carbomethoxymethylidyne derivative, 
6-7 

ferric ion oxidation, 3, 5 
structure, 4 

tropylium bromide oxidation, 6, 14 
pentanuclear pentadecacarbonyl, 3 
pentanuclear tetradecacarbonyl dianion, 3 
degradation of metal complex adducts, 5 
mixed metal derivatives, 5-6 
reaction with metal complexes, 3-4,189 
pentanuclear tridecacarbonyl dibromide 
dianion, 14 

size reduction by oxidation, 194 
tetranuclear dodecacarbonyl dianion, 9- 
II 

oxidation under hydrogen, 10-11 
reaction with metal carbonyl anions, 
188-189 
structure, 10 

tetranuclear tridecacarbonyl, 8-9 
phosphine derivatives, 8-9 
reduction, 9 
Iron complexes 

binuclear carbon-bridged porphyrin, 15- 
17 

in carbon dioxide reduction, 157 
clusters, 171-176 
protonation of carbonyls, 174- 175 
reaction with nuleophiles, 176 
redox chemistry, 171-173 
tetranuclear dodecacarbonyl carbometh¬ 
oxymethylidyne anion, 6-7, 13 
mechanism of formation, 14 
protonation, 8 
synthesis, 15 

tetranuclear hydrido methylidyne, 10-11, 
13 

fluxionality, 11 
Iron isocyanides 
carbonyls, 226, 228-229 
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cyclopentadienyls, 218-219, 229-231, 
245, 257 

and alkyl halides, 294 
fluxionality, 215-216, 239-241 
oxidative addition, 259 
protonation, 293-295 
homoleptic species, 222, 245 
porphyrin, 219, 234 
Iron vinylidenes 

binuclear cyclopentadienyls, 78-81, 103, 
108-109 

cluster formation, 82 
isomerization, 79 
protonation, 81 

binuclear octacarbonyl, 77, 102, 108, 123 
clusters 

carbonyls, 117-118, 120, 124 
cyclopentadienyls, 120 
cyclopentadienyls, 63-66, 68-70, 90-91, 
94, 100, 104-107 
bonding, 98 

cyclobutenylidene formation, 74-75 
deprotonation, 73 

nucleophilic addition to cations, 71 -73 
reaction with alcohols, 70 
reduction, 113 

porphyrins, 67, 91-93, 106-107 
from DDT, 67 

electrochemical reduction, 93 
reactions, 92-93 

Isocyanide complexes, see also individual 
metals, 209-310 
addition reactions 
with alcohols, 289-291 
with amines, 289-291 
from carbene complexes and amines, 

218- 219 

via carbodiimides, 219 
via carbonyl substitution, 224-231 
catalyzed reactions, 225-231 
phase-transfer catalysis, 225 
carbyne formation, 292-295 
via desulfurization of isothiocyanates, 

219- 220 

via dinitrogen substitution, 232-233 
fluxionality, 239-243 
homoleptic species, 210 
insertion reactions, 212, 267-289 
from metal cyanides, 216-218 
via aldol condensation, 216-217 
alkylation, 216-218 


and benzoyl chloride, 218 
chiral synthesis, 218 
and diazonium salts, 217-218 
NMR studies, 238-243 
in organic synthesis, 295 
oxidative addition, 220, 259-263 
redox reactions, 255-257 
photochemistry, 257-259 
structure and bonding, 213-216, 233 
bridging ligands, 214-215 
dynamic behavior, 215-216 
MO description, 213-214 
substitution reactions, 251-255 
synthesis, 220-238 
clusters, 231 

homoleptic species, 220-224 
from thiocarbonyls and amines, 220 
X-ray structures, 243-251, 263-267 
Isocyanide ligands 
addition to acetylide complexes, 279 
insertion reactions with metal complexes, 
267-289 
acetylenes, 278 
alkyls, 267-277 
allyls, 278 
aryls, 267-277 
carbenes, 279-281 
carbynes, 281 
halides, 289 
hydrides, 281 -284 

with metal-nitrogen bonds, 284-286 
with metal-oxygen bonds, 286-288 
vinyls, 279 
synthesis, 216-220 
Isodiazomethane complexes, 218 

K 

Ketene complexes, 133 
M 

Manganese isocyanides 
carbonyls, 230 
binuclear, 215, 244 
fluxionality, 239 
redox reactions, 255 
cyclopentadienyls, 216-217, 225 
homoleptic species, 222, 233, 243 
Manganese propadienylidenes, 83-84, 86, 
101 , 110-111 
reactions, 86-87 
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Manganese vinylidenes 
binuclear cyclopentadienyls, 69, 76, 102, 
108, 112 

nucleophilic attack, 82 
protonation, 81 

reaction with metal complexes, 76 
cyclopentadienyls, 63-64, 66, 69, 89, 100, 
104-105, 122-124 
bonding, 97-98 
phosphine substitution, 72, 74 
reaction with alcohols, 70-71 
thermolysis, 114 

Metal clusters, see also individual metals, 
169-208 

carbidocarbonyls, 1-58 
as electron reservoirs, 200-201 
electron-transfer reactions, 171-173 
and metal-metal bonding, 173 
redox potentials, 172 
expansion reactions, 186-193 
auration, 189 

with carbonyl anions, 188-191 
with neutral metal compounds, 

192-193 

via oxidative addition, 187 
framework rearrangements, 197-200 
fluxionality, 198-199 
metal exchange reactions, 195-197 
via equilibration, 196-197 
via expansion and degradation, 

195-196 

via redox process, 197 
propadienylidene, 121-122 
reactions with acetylenes, 185 
reactions with polyfunctional ligands, 
180-186 

and cluster unfolding, 184-186 
hydrogenation, 180 
oxidative addition, 180-181 
triangular face-capping, 181-183 
two-center addition, 180-181 
reactions with unidentate ligands, 
173-179 

acid-base reactions, 174-175 
addition to double bonds, 175-176 
and cluster nuclearity, 178-179 
metal-metal bond cleavage, 177-179 
protonation, 174-175 
size reduction, 193-195 
by donor ligands, 193 


by hard bases, 195 
by oxidation, 194 
pyrolysis, 195 
vinylidenes, 115-122 
Molybdenum complexes 
alkylamides, 153 

and catalytic decomposition of formic acid, 
141-142 

isocyanides, 251-252, 261, 263-264 
alkylation, 295 
allyl, 232 

carbonyls, 217-218, 225-227 
cyclopentadienyls, 226, 230, 243, 257 
eight-coordinate cyanides, 216, 243 
halide, 232 

homoleptic species, 221, 243 
phosphines, 232-233 
redox reactions, 255-257 
reductive coupling, 257 
thiolate, 232 

vinylidenes, 66-68, 88-89, 100, 104-105 
carbyne formation, 73 

N 

Nickel complexes 
allyl and carbon dioxide, 161 
carbon dioxide, 132 
vinylidenes, 71, 94-95 
Nickel isocyanides, 237-238, 249, 261 
electrochemistry, 256-257 
homoleptic species, 223 
tetranuclear cluster, 214, 223, 249-250 
alkyne reactions, 254-255, 266-267 
fluxionality, 242-243 
Niobium, carbon dioxide complex, 132 
IJ C Nuclear magnetic resonance (NMR) 
spectra, of complexes 
carbidocarbonyl clusters, 46-48 
isocyanides, 238-243 
propadienylidene, 110 
vinylidenes, 97, 104, 107 

O 

Osmium carbonyl clusters 
carbides, 17-20, 28-32, 54 
effective radius of carbide, 50 
carbon dioxide, 132-134 
contraction reactions, 194 
with hydroxide, 195 
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decanuclear dianionic carbide, 29-30 
diprotonation, 30 
reaction with iodine, 30-32 
expansion reactions, 187, 191 
byauration, 189 

framework rearrangement, 198-200 
halogen addition, 184 
heptanuclear dihydride carbide, 29 
hexanuclear alkyne carbide, 29 
isocyanides, 215, 231, 241 
of dodecacarbonyl, 229 
structures, 247-248 
oxidative addition, 181 
pentanuclear carbides, 17-21 
anionic halide, 18-19 
hydrides, 19-21 
propadienylidene, 121 
protonation, 174 
reactions 
with alkynes, 185 
with nucleophiles, 176-177 
triangular face-capping, 181-183 
two-electron reduction, 173 
vinylidenes, 118-122 
Osmium, mononuclear complexes 
isocyanides, 216, 222, 245 
vinylidenes, 68, 100, 106-107 
protonation, 74 

Oxazolidinylidene complexes, 284-286 

P 

Palladium complexes 
isocyanides, 237-238, 251 
binuclear species, 250-251, 253-254, 
262 

homoleptic clusters, 223-224 
linear trinuclear species, 224, 266 
reaction with amines, 291 
triangular cluster, 223, 249-250 
reactions with carbon dioxide 
allyls, 159, 161-162 
catalyzed ethyl formate formation, 157 
insertion into metal carbon bonds, 
146-147 

vinylidenes, 94-95 
Platinum complexes 
anionic carbonyl clusters, 199 
in catalyzed decomposition of formic acid, 
141 

binuclear hydrides, 238 


dimeric alkynes, 237 
electrochemistry, 256 
isocyanides, 237-239 
oxidative addition, 261-263 
triangular clusters, 223, 249-250, 

261-262 

vinylidenes, 71, 94 
and carbene formation, 94-95 
Polyiminocomplexes, 274-275 
Propadienylidene complexes, see also indi¬ 
vidual metals 
clusters, 121-122 
infrared spectra, 99, 110-112 
physical properties, 99 
binuclear, 111 
mononuclear, 110 
preparation, 82-86 
reactions, 86-87 
structural parameters, 99, 103 

R 

Rhenium complexes 
carbido carbonyl clusters, 43-44 
carbide chemical shift, 47 
heptanuclear trianion, 43 
octanuclear dianion, 43-44 
of carbon dioxide, 133, 135 
carbonyl clusters 
contraction of anions, 194 
reaction with iodine, 176 
triangular face-capping, 182 
formate decarboxylation, 140 
hydride, carbon dioxide insertion, 138 
isocyanides, 222,244 
halides, 233-234 
protonation, 294 

vinylidenes, 64, 89, 100, 104-105 
chiral nitrosyl, 123 

Rhodium carbidocarbonyl clusters, 32-35, 
38-43, 54 

carbide chemical shift, 47 
effective radius of carbide, 50 
with fifteen metal atoms, 42 
hexanuclear pentadecacarbonyl dianion, 
32-33 

copper nitrile adduct, 33-34 
decarbonylation, 33-34 
ferric ion oxidation, 39-41 
,J C NMR spectrum, 46-47 
structure, 33 
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hexanuclear tridecacarbonyl dianion, 
34-35 

octanuclear nonadecacarbonyl, 40 
with twelve metal atoms, 41 
Rhodium complexes 
carbon dioxide, 132 

carbonyl cluster rearrangements, 198-199 
catalytic decomposition of formic acid, 
140-141 

hydrides and reduction of carbon dioxide, 
154-156 

vinylidenes, 63, 123 
binuclear species, 77, 82, 103, 109 
Rhodium isocyanides, 219-220, 236-237 
binuclear compounds, 252-253,264-266 
homoleptic species, 222-223 
association, 223, 248 
oxidative addition, 260-261 
reaction with amines, 292 
photochemistry, 257-259 
Ruthenium carbidocarbonyl clusters 
anionic thallium derivative, 28 
carbide chemical shifts, 47 
effective radius of carbide, 50 
hexanuclear heptadecacarbonyl, 17, 21 
alkyne derivative, 24-25 
arene derivatives, 21-22 
bitropyl derivative, 24-25 
carbonylation, 17 
hexadiene derivative, 26 
phosphine substitution, 24 
reaction with ethanethiol, 26-27 
structure, 22 
synthesis, 22 

hexanuclear hexadecacarbonyl dianion, 
23-27 

copper nitrile adduct, 26-27 
oxidation, 24 

13 C NMR spectrum, 47-48 
protonation, 23 
structure, 23 

and tropylium bromide, 24-25 
pentanuclear pentadecacarbonyl, 17 
anionic halide adduct, 19 
reactions, 17-19, 184 
Ruthenium carbonyl clusters 
as catalysts 

carbon dioxide reaction with hydrosil¬ 
anes, 163 

formic acid decomposition, 141 
methyl formate formation, 158-159 


nitrene, 182 
reactions 
with alkynes, 185 
with nucleophiles, 176 
triangular face-capping, 183, 191 
Ruthenium isocyanides, 216, 219-220, 
234-235, 245-246 
arenes, 234 
clusters, 229, 231 
cyclopentadienyls, 241 
dimeric species, 220, 222, 235-236, 245 
halides, 234-235 
reaction with amines, 292 
Ruthenium propadienylidenes, 83, 101, 110 
clusters, 121 

Ruthenium vinylidenes, 114-115 
binuclear cyclopentadienyls, 79-80, 109, 
112 

protonation, 81 

carbonyl clusters, 115-116, 122 
with gold, 119, 122 
with nickel, 120-122 
cationic cyclopentadienyls, 64, 100, 

106-107 

ligand transfer, 112-113 
reaction with alcohols, 70 
reaction with oxygen, 75 

S 

Sulfur dioxide, insertion reactions, 150 
T 

Tantalum, cyclopentadienyl isocyanides, 
231-232 

Thionitrosyl complexes, 256 
Titanium complexes, reaction with carbon 
dioxide 
alkyls, 151 
allyl, 162-163 
Tungsten complexes 
isocyanides, 251-252 
alkylation, 295 

carbonyls, 217-218, 225-227 
cyclopentadienyls, 226 
eight-coordinate cyanides, 216 
homoleptic species, 221 - 222 
phosphines, 232 
propadienylidenes, 83-85, 103 
reactions, 87 
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reactions of carbonyl anions with carbon 
dioxide 

catalyzed methyl formate formation, 
158 

insertion into metal-methyl bond, 
148-151 

reduction of carbon dioxide, 154 
vinylidenes, 66-68, 88-89, 96, 104-105, 
110 

V 

Vanadium complexes 
carbon dioxide insertion, 151 
isocyanides, 220 - 221, 229, 231, 243 
Vinylidene complexes, see also individual 
metals, 60-82, 87-124 
bonding, 97 

MO calculations, 98-99 
infrared spectra, 99, 104-109 
as intermediates, 93-96 
in <7-acetylide synthesis, 93-94 
to alkoxy(alkyl)carbenes, 94-95 
in cycloaddition of carbodiimides, 
95-96 

in protonation of a-acetylides, 94 
■C NMR spectra, 97, 104-107 
physical properties, 99, 104-109 
binuclear species, 108- 109 
mononuclear species, 104-107 
polynuclear complexes, 115-122 
preparation of binuclear species, 75-81 
from alkynes, 77 


via bridge modification, 79-81 
from U'-dichlorocyclopropanes, 78- 
79 

from l,l'-dichloroolefins, 78 
from diphenylketene, 76-77 
from mononuclear species, 75-76 
preparation of mononuclear species, 
62-69 

from alkynes, 62-64 
from carbenes, 67 
from carbynes, 67-68 
from metal acetylides, 64-66 
from metal acyls, 68-69 
from a-vinyls, 66-67 
reactions, 69-74, 81-82 
addition of ^-carbon atom, 73 
deprotonation, 73 
ligand exchange, 74 

nucleophilic addition to a-carbon, 
69-73 

protonation, 74, 81-82 
relationship to other (/‘-carbon bonded li¬ 
gands, 112-113 
structures, 99-103 
binuclear, 101-102 
mononuclear, 100-101 

W 

Water-gas shift reaction, catalysis 
by copper complexes, 143-144 
by rhodium complexes, 142-143 
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